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ABSTRACT
The dicotyledon seedling undergoes organ-specific photomorphogenic development
when exposed to light. The cotyledons open and expand, the apical hook opens and
the hypocotyl ceases to elongate. Using the large and easily dissected seedlings of
soybean (Glycine max cv. Williams 82), we show that genes involved in photosynthe-
sis and its regulation dominate transcripts specific to the cotyledon, even in etiolated
seedlings. Genes for cell wall biosynthesis and metabolism are expressed at higher lev-
els in the hypocotyl, while examination of genes expressed at higher levels in the hook
region reveals genes involved in cell division and protein turnover. The early transcrip-
tional events in these three organs in response to a one-hour treatment of far-red light
are highly distinctive. Not only are different regulatory genes rapidly regulated by light
in each organ, but the early-responsive genes in each organ contain a distinctive subset
of known light-responsive cis-regulatory elements. We detected specific light induced
gene expression for the root phototropism gene RPT2 in the apical hook, and also phe-
notypes in Arabidopsis rpt2 mutants demonstrating that the gene is necessary for nor-
mal photomorphogenesis in the seedling apex. Significantly, expression of the RPT2
promoter fused to a GUS reporter gene shows differential expression across the hook
region. We also detect higher expression of AGO1 in the apical hook, a key player in
small RNA regulatory pathway, and show that Arabidopsis ago1 mutants display an im-
paired photomorphogenesis in the seedling apex. Using next-gen sequencing, we show
that many miRNAs are responsive to a one-hour treatment of far-red light. Most inter-
estingly, we find that miR166 is specifically induced by one-hour far-red light in the
convex side of apical hook. Overall, we conclude that organ-specific, light-responsive
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transcriptional networks are active early in photomorphogenesis in the aerial parts of
dicotyledon seedlings.
Another topic addressed in this thesis is heterosis. Heterosis, also known as hybrid
vigor, refers to the phenomenon wherein a F1 hybrid produced from crossing two cul-
tivars of the same species or two different species displays superior phenotypes com-
pared to the inbred parents. Despite its practical applications and scientific importance,
the molecular mechanism underlying heterosis is not completely understood. In recent
decades, knowledge of the regulatory roles of small RNAs has greatly improved our
understanding of many basic biological questions. We therefore applied a global small
RNA profiling-by-sequencing approach to characterize the inheritance of small RNA
expression patterns in Arabidopsis reciprocal hybrids. Two Arabidopsis thaliana acces-
sions, Columbia and Landsberg erecta, were crossed reciprocally to produce hybrids.
The small RNA expression patterns of both parents and two hybrids were compared.
We find that the most common expression patterns for small RNAs in hybrid Arabidop-
sis are dominance for the parent with lower relative expression and additive between
the parental expression. Arabidopsis Analysis of the genomic origin of the differen-
tially expressed small RNAs suggested that they are mostly 24nt siRNA associated
with maintaining genome stability and gene regulation. Interestingly, the transposon-
associated siRNAs are mostly additively inherited, whereas the gene-associated siR-
NAs are mainly down-regulated in hybrids. Overall, hybridization in Arabidopsis pri-
marily leads to either no change or a reduction in the relative expression of siRNAs
compared to their parents.
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CHAPTER 1
INTRODUCTION
1
The genome of an organism stores information on what the organism is capable of do-
ing, while the transcriptome is more like a snapshot of the organisms current molecular
activity. The transcriptome, as a representation of gene activity at a specific time, is
highly sensitive to the developmental stage and the environmental stimulus. In multi-
cellular organisms, the transcriptome is also highly sensitive to the biological role and
micro-environment of the cell or organ. For example, one leaf of a plant could arrest
growth and transport sucrose to the rest of the plant, while the other leaves might ac-
tively grow and use carbon supplied by the leaf that has stopped growing. Therefore,
understanding the temporal and spatial regulation of the transcriptome can help us un-
derstand how a higher organism integrates its genetic program with the environment
and micro-environment. Messenger RNA was once considered the sole component of
the transcriptome. This gave rise to the field of transcriptomics, where by studying all
cellular mRNA using microarrays one learns which genes are actively transcribed at
a certain time in a certain tissue. Recently, with the discovery of small RNA, another
component was added to the study of the transcriptome, a component that provides
information on the regulation of mRNA. Together, by studying the global mRNA and
small RNA levels in appropriate tissues and developmental stages relevant to a specific
biological question, one can gain knowledge on molecular mechanisms underlying ba-
sic plant phenomena. In this thesis, the phenomena studied are photomorphogenesis
and heterosis.
1.1 Photomorphogenesis
1.1.1 Plant and light
Light is an essential energy source for plants. As higher animals evolved a way of
seeking food by developing their sensor systems like vision, hearing and smelling, so
plants also evolved to evaluate environmental light in order to take the best advantage of
this energy source. Plants are able to sense the intensity, wavelength, direction, duration
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and the diurnal span of environmental light, in order to make strategic decisions on how
to invest the captured resources and how to capture more resources.
The response of plants to light, in addition to photosynthesis, can be divided into three
categories: photomorphogenesis, phototropism, and photoperiodism (Smith 1974). Pho-
tomorphogenesis refers to the phenomenon wherein a plant developmentally regulates
its body architecture in response to a light stimulus in a non-period-sensitive, non-
directional-manner (Smith 1974; Quail 2002). A few examples of photomorphogene-
sis include that some plant species require the presence of light to germinate, and that
plants in the shade of other plants grow tall to get access to light above the canopy.
De-etiolation, also known as seedling photomorphogenesis, is a well-studied example
of photomorphogenesis. It refers to the phenomenon wherein a dark-grown seedling,
which features an elongated hypocotyl, closed cotyledons/apical hook, and undifferen-
tiated chloroplasts, displays an inhibition of hypocotyl elongation, opening of cotyle-
dons and apical hook, and chloroplast maturation after it is exposed to light. De-
etiolation is thus a developmental process with an in-built response to environmental
stimuli. The timing of de-etiolation is critical to the survival of plants. Early open-
ing of the hook and cotyledons while still in the soil will lead to the damage of young
embryos. A delayed de-etiolation response may result in late initiation of photosynthe-
sis and depletion of nutrients, ultimately limiting the ability of the seedling to survive
(Quail 2002).
Phototropism describes the directional growth of plants in response to a directional
light stimulus. One example of phototropism would occur when a plant with access
to a directional light grows towards the light, e.g. indoor plants bend towards the win-
dow. Photoperiodism describes the morphological or developmental change of plants
in response to a periodic change in light condition i.e. the diurnal day/night cycle. For
example, the leaf angle of some plants changes during the 24h period of a day, and
some plants determine flowering time depending on the length of daylight. These three
classes of light responses were mediated by three different families of photoreceptors,
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phytochrome, cryptochrome and phototropin in a distinct yet interdependent manner
(Smith 1974; Cashmore et al., 1999).
1.1.2 Phytochrome
Phytochrome was the first photoreceptor discovered and is the most thoroughly stud-
ied. Phytochrome was discovered by a combined effort of USDA scientists, lead by
Harry Borthwick and Sterling Hendricks, in their pursuit of a molecule sensing the
photoperiod to control flowering (Borthwick et al., 1952; Butler et al., 1959). Not until
1983 was the first phytochrome protein purified (Vierstra and Quail, 1983) and in 1985
the first cDNA sequence of phytochrome was published (Hershey et al., 1985). In the
past 50 years, studies on phytochrome and its role in plant development have greatly
increased our understanding of signal transduction in plants (for reviews please refer to
Smith 2000, Nagy and Schafer 2002, Quail 2002, 2007 and Franklin and Quail 2010).
Currently it is known that phytochrome is involved in regulating multiple aspects of
plant development, including seedling establishment (germination and de-etiolation),
plant architecture (shade avoidance and stomatal development), reproductive develop-
ment (entrainment of the circadian clock and flowering) and even cold tolerance (Josse
et al., 2008; Monte et al., 2007; Franklin and Quail, 2010).
Phytochromes are dimeric chromoproteins consisting of two polypeptides, usually of
close to 125kDa. Each polypeptide has a covalently attached tetrapyrrole as the light-
sensing molecule (Rockwell et al., 2006). The photosensory ability of the phytochromes
results from their capacity to undergo light-induced, reversible switching between two
relatively stable structural forms (Quail, 2002). In the dark, phytochrome is synthesized
as a biologically inactive Pr form (for red-light-absorbing), which absorbs more red
light than far-red light (Butler et al., 1959). After absorbing red light, the tetrapyrrole
undergoes an isomerization, leading to the photoreceptor changing to the biologically
active Pfr (for far-red-light-absorbing) form. Pfr form can be switched back to the Pr
form by absorption of light at far-red light wavelengths (Borthwick et al., 1952; Smith,
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2000; Quail, 2002). In Arabidopsis, there are five phytochromes (phyA-phyE) that
collectively mediate far-red light and red light induced de-etiolation. PhyA is respon-
sible for the de-etiolation induced by continuous far-red light (FRc), while phyB-E are
mainly responsible for de-etiolation induced by red light (Sharrock and Quail, 1989;
Clack et al., 1994; Devlin et al., 1998; Quail, 2002). The far-red light induced de-
etiolation mediated by phyA is widely thought to be due to the fact that phyA is the
most abudnant phytochome in etiolated seedlings. In continuous, high intensity far-
red light, a small portion of the phyA population remain in Pfr form, thus triggering
downstream signaling and de-etiolation (Quail 2002).
1.1.3 Phytochrome triggered signaling pathway
A few different yet possibly overlapping mechanisms of how the active Pfr form trans-
duces signals have been reported: (1) phytochrome may control the very fast, within
minutes, light-induced morphological changes in plant cells by altering ionic concen-
tration (Smith, 2000); (2) phytochrome may regulate plant cell function by secondary
messengers such as G proteins, cGMP and calcium (Bowler et al., 1994); (3) phy-
tochrome may function as a kinase and phosphorylate downstream signaling factors;
(4) phytochrome could interact with transcription factors to regulate target gene ex-
pression; (5) post-translational regulation through the ubiquitin-proteasome pathway is
involved in controlling photomorphogenesis and (6) the phytochrome signaling path-
way may crosstalk with hormone signaling to fine-tune plant growth. Molecular and
genetic evidence has been accumulated, especially, for the last four mechanisms.
Phytochrome as a phosphorylase
phyA was reported to interact with a cytoplasmic protein PHYTOCHROME KINASE
SUBSTRATE 1 (PKS1), as detected by a yeast two-hybrid screening experiment. PKS1
accepts a phosphate from phyA in vitro in a light dependent manner. Moreover, PKS1
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and another member from the PKS family were shown to be negative regulators of
phytochrome-mediated photomorphogenesis (Fankhauser et al., 1999; Schepens et al.,
2008). Therefore, it was speculated that phyA, in response to light, could phosphory-
late PKS1 to regulate photomorphogenesis. Another reported substrate of the phospho-
rylation by phyA could be the blue light sensing photoreceptor cryptochrome, which
suggests a possible mechanism for the crosstalk between different light sensing systems
(Ahmad et al., 1998). A well-defined PHYTOCHROME INTERACTING FACTOR,
PIF3, was also reported to be phosphorylated by phytochrome upon light activation
(Monte et al., 2007).
Interaction with transcription factors by phytochrome
Research on selective gene regulation by phytochrome has made substantial progress
and contributed greatly to our understanding of phytochrome signal transduction. Phy-
tochrome is synthesized in the cytosol in the inactive Pr form. The photoactivated, bi-
ologically active Pfr form translocates from the cytoplasm to the nucleus and interacts
with transcription factors. These interactions regulate light responsive gene expression
and trigger morphological changes (Fankhauser and Chen, 2008). A well-studied tran-
scription factor regulated in this manner is PHYTOCHROME INTERACTING FAC-
TOR 3 (PIF3). PIF3 belongs to the basic helix-loop-helix (bHLH) family. PIF3 was
first identified in a yeast two-hybrid screening experiment and shown to interact with
the regulatory domain of phyA and phyB in a light dependent manner. In darkness,
PIF3 binds to the G-box motif in the promoters of key photoresponsive genes such
as CIRCADIAN CLOCK ASSOCIATED PROTEIN 1 (CCA1) and LATE ELONGATED
HYPOCOTYL (LHY). The interaction between photoactivated phytochrome and PIF3
in the nucleus is required for normal photomorphogenesis. PIF3 is first phosphorylated
by phytochrome, and then ubiquitylated and degraded through the 26S proteasome pro-
teolysis pathway. In this process, phytochrome is recruited to the promoter of the light
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responsive genes by interacting with PIF3, thereby regulating the target gene expres-
sion (Ni et al., 1998; Quail, 2002; Monte et al., 2007).
The role of ubiquitin-proteasome pathway in phytochrome signaling
The first demonstrated role of the ubiquitin-proteasome pathway in photomorphogen-
esis was the degradation of phyA Pfr form by the proteosome pathway (Shanklin et
al., 1987). The role of the ubiquitin-proteasome pathway in photomorphogenesis was
further revealed in a mutant screen for constitutive photomorphogenic phenotype in
darkness. The most well studied gene from this mutant screen, CONSTITUTIVELY
PHOTOMORPHOGENIC 1 (COP1), turned out to be an E3 ubiquitin-protein ligase. It
targets specific proteins, e.g. positive regulators of photomorphogenesis such as LONG
HYPOCOTYL 5 (HY5), for ubiquitinylation and proteolysis through the 26S protea-
some pathway, to repress photomorphogenic activity in darkness. In the light, the
hypothesis is that the activity of COP1 is down regulated and the amount of photo-
morphogenic gene products (like HY5) increases, thereby photomorphogenesis occurs.
The regulatory mechanism of COP1 by photoreceptors is still unknown but direct in-
teraction between COP1 and cryptochrome has been reported (Quail, 2002).
Hormone signaling and phytochrome signaling
Integration of the light signaling and hormone signaling during plant development is
seemingly inevitable given the huge influence of each process on plant growth (Smith
2000). Auxin and auxin-responsive signaling factors are implicated in light-induced
cell elongation in photomorphogenesis (Swarup et al., 2002). Ethylene and auxin were
shown to interact to maintain a closed hook in the darkness and trigger hook opening
in the light (Lehman et al., 1996; Vandenbussche et al., 2010). Recently, jasmonic
acid (JA) signaling was shown to integrate with phyA signaling (Robson et al., 2010).
Mutant analysis and gene expression assays suggest that JA and JA signaling factors
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are involved in some of the phyA-mediated light responses. Meanwhile, phyA is also
required for the normal degree of JA response to occur. The mutual dependence of JA
signaling and phyA signaling could be achieved at least partially by regulating the sta-
bility of JASMONATE ZIM DOMAIN 1 (JAZ1). JAZ1 is a repressor of JA responsive
gene expression. In response to a JA signal, JAZ1 binds to an E3-ligase and is degraded
through the 26S proteasome pathway (Niu et al., 2011). In the aerial part of the Ara-
bidopsis seedlings, the degradation of JAZ1 protein by JA requires phyA, suggesting
that the interplay of JA and light signal could be via regulating the protein level of JAZ1
(Robson et al., 2010).
1.2 Small RNA
1.2.1 The discovery of small RNA
Gene silencing caused by antisense or sense transgenes or virus infections has been
reported since the 1980s in both plants and animals (Chen 2010). The concept of
post-transcriptional gene silencing (PTGS) was proposed to describe the underlying
mechanism, as the target mRNA is degraded based on its sequence similarity with
the antisense/sense transgenes or RNA virus. At the same time, transcriptional gene
silencing (TGS) based on methylation of the promoter of the target genes was also
reported. PTGS and TGS share many common features. In 1998, it was established
that a double stranded RNA is most effective in inducing RNA interference (RNAi),
a phenomenon in animals which is very similar to PTGS in plants (Fire et al., 1998).
However, not until the end of the last century did scientists first discover and show the
effector molecules central to the PTGS, a class of short RNAs with a size of about 25nt
(Hamilton and Baulcombe, 1999). After that, great progress has been made in char-
acterizing the nature and role of small RNA. Now we know that small RNA is a class
of short, regulatory non-coding RNAs with a size of 20-30nt. In plants, microRNA
(miRNA) and small interfering RNA (siRNA) are the two major types of small RNA.
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siRNA was first demonstrated by Hamilton and Baulcombe in their 1999 paper as the
major player in PTGS. The first miRNA locus was cloned and characterized in C. el-
egans as a developmental timing control locus without knowing that, at that time, it
shares a similar mechanism to siRNA (Lee et al., 1993).
1.2.2 miRNA
In plants, miRNAs are typically 20-22nt small RNAs produced from conserved miRNA
genes with imperfect fold-back transcripts (Kidner and Martienssen, 2009). A miRNA
gene is transcribed by Pol II to produce a primary transcript called pri-miRNA, which
folds into a stem loop structure. DICER-LIKE 1 (DCL1) protein, together with HYL1
and SE, excises pri-miRNA to pre-miRNA, and then DCL1 further excises the miRNA/
miRNA* duplex out of the pre-miRNA structure. DCL4 is also involved in the pro-
cessing of some miRNAs, especially in cases where the fold-back structure comprises
almost perfect matches. The miRNA/miRNA duplex is then methylated by HEN1 in a
structure-dependent but not sequence-dependent way. The methylated miRNA/miRNA*
duplex is then likely to be transported out of the nucleus to the cytoplasm, probably
by HASTY. miRNA is released from the duplex and loaded in to the RNA-induced-
silencing-complex (RISC). A miRNA interacts with AGO family protein in the RISC,
usually AGO1, and targets an mRNA by imperfect sequence paring to direct cleavage
or translational repression of the target mRNA. So far, known miRNAs are largely in-
volved in the regulation of genes playing important roles in modifying development
such as leaf polarity, gamete formation, and flowering (Chen 2009; Chen 2010; Laub-
inger et al., 2010).
1.2.3 siRNA
siRNA are 21-24nt small RNAs generated from endogenous sources such as trans-
posable elements, tandem repeats and inverted genes, or exogenous sources like RNA
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viruses and transgenes. The great majority of endogenous siRNAs are 24nt heterochro-
matic siRNA mapped to transposons and repeats, comprising about 80% of the total
small RNA reads (Chen 2010). The major role of the 24nt heterochromatic siRNA is
to repress transposons by inducing DNA methylation, to maintain the stability of the
genome. It has been speculated that the heterochromatic region is first transcribed by
PolIV. The resultant transcript is then used as a template by RNA dependent RNA poly-
merase 2 (RDR2) to generate a dsRNA, which is later processed by DCL3 to produce
24nt siRNA. Meanwhile the target homologous genomic region is transcribed by PolV.
The resultant transcript interacts with and recruits the 24nt siRNA-AGO4 complex, to
direct the methylation of the homologous region (Chen 2009; Chen 2010).
Some siRNAs (22nt or 24nt) are also produced from overlapping transcription units
with opposite directions, termed natural antisense siRNA (nat-siRNA or cis-nat siRNA)
(Borsani et al., 2005; Laubinger et al., 2010). Another class of siRNA is ta-siRNA,
which features 21nt phased siRNA generated from TAS loci. The transcripts of TAS
loci are first targeted and cleaved by known miRNAs e.g. miR173 and miR390. The
cleavage of TAS transcripts by miRNA generates aberrant mRNA molecules, which
are then turned into dsRNA by RDR6. The slicing of the dsRNA by DCL4 leads to
the production of phased 21nt ta-siRNA. Some stable ta-siRNAs then target mRNAs
in trans for cleavage. ta-siRNA may represent a mechanism of amplifying the signal
from a miRNA and a crosstalk of the siRNA pathway and miRNA pathway (Vazquez et
al., 2004; Vaucheret 2005). In addition, siRNA can be produced from dsRNA formed
by inverted copies of protein coding genes. A reported case of this type features 21nt
-22nt siRNAs (Tuteja and Vodkin, 2009).
Another interesting character of siRNA is the systemic nature of siRNA. It is shown
that siRNA can travel from the stock to the scion and vice versa, and that it can move
between different organs of a plant. The transportation mechanism of siRNA is prob-
ably a combination of cell-to-cell travel through the plasmadesmata and long-distance
travel through the phloem (Chen 2010).
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1.3 Heterosis
1.3.1 Hybrid vigor
Heterosis, also known as hybrid vigor, refers to the phenomenon wherein a F1 hybrid
produced from crossing two cultivars of the same species or two different species dis-
plays superior phenotypes compared to the inbred parents. In plants, the superiority of
the hybrid may be observed in desirable traits such as biomass, fertility or tolerance to
abiotic/biotic stress. Heterosis has therefore been recognized and utilized for centuries
to increase crop yield. The scientific interest in heterosis also has a long history dat-
ing back to Charles Darwin (1876). A few models have been proposed to explain the
phenomenon. One is the “dominance” model, which hypothesizes that detrimental re-
cessive alleles from one parent are complemented by dominant beneficial alleles from
the other parent in the hybrid (e.g. A/A b/b in parent I and a/a B/B in parent II, where
a and b are recessive detrimental alleles). The hybrid therefore shows heterosis due
to the cumulative advantage provided by the higher performing allelic combinations
generated (Charlesworth and Willis, 2009). A variant of the “dominance” model is
the “pseudo-dominance” model where two recessive detrimental alleles exist as tightly
linked loci in repulsion phase (e.g. AAbb in parent I and aaBB in parent II). The hybrid
therefore has a strong dominant allele for each of the loci (Charlesworth and Willis,
2009) but the loci are difficult to separate with conventional genetics. Another model is
the so-called “over-dominance” model. In this model the interaction of different alleles
in a single locus leads to superior performance in the F1 compared to the best per-
forming parent. Several experiments over recent years have supported and contradicted
all three of these models to varying degrees (Charlesworth and Willis, 2009; Birchler
et al., 2010), suggesting that the nature of heterosis is complicated, and that none of
these models may be entirely appropriate for understanding the process at the molecu-
lar level.
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A few of the characteristics of heterosis are worth considering when discussing the
possible mechanism of heterosis (Springer and Stupar 2007): (1) the level of heterosis
varies depending on the species. For example, heterosis in maize is much stronger than
that in Arabidopsis; (2) The level of heterosis can be observed for a series of traits.
However, the magnitude of heterosis of different traits is not always consistent across
different hybrids. For example, a hybrid of cultivar A and B from the same species may
display strong hybrid vigor in plant height and a less heterotic phenotype in seed yield,
while a hybrid of cultivar B and C of the same species may show the opposite pattern;
(3) The magnitude of heterosis increases, up to a point, as the genetic distance between
the parental inbreds increases. But the positive correlation between genetic distance
and heterosis only exists when the genetic distance between the two parents is not too
great; (4) The F2 plants derived from sefling a heterotic F1 have been reported to only
show a developmental advantage in early growth. Their growth slows down over time
and eventually they fail to reach the same heterosis level as the F1 plants i.e. the hybrid
vigor is not inheritable (East 1936). Subsequent generations show still lower levels of
heterosis.
1.3.2 Gene expression profiles in heterosis
Recently, global expression profiling has become a common approach to study com-
plicated biological systems such as heterosis, to understand the difference in gene ex-
pression between hybrids and their inbred parents. The major questions that can be
asked using expression profiling include what is different in gene expression, how this
is regulated and whether it is causing heterosis. At an individual gene level, the expres-
sion pattern of hybrids can be classified into additive (mid-parent like) or non-additive
which is further divisible into low- or high-parent-like, between mid-parent and par-
ent, below low parent and above high parent (Stupar et al., 2008). Identifying the
proportions of different gene expression patterns in hybrids and their correlation with
12
the level of heterosis might help to illuminate the genetic basis of heterosis. With this
basic logic, global gene expression assays, generally using microarray technology to
measure mRNA levels, have been performed with various plant tissues in various de-
velopmental stages. Different proportions of non-additive and additive gene expression
patterns have been reported (Sun et al., 2004; Wang et al., 2006; Guo et al., 2006;
Meyer et al., 2007; Stupar et al., 2008; Hoecker et al., 2008; Pea et al., 2008; Wei at al.,
2009). Although the specific conclusions differ between these individual papers, most
of them agree that the hybrid gene expression levels are largely within the parental
range. Some of them concluded that the majority of genes show additive expression
patterns, and that parent-like expression is the most common non-additive expression
pattern (Sun et al., 2004; Wang et al., 2006; Hoecher et al., 2008; Pea et al., 2009;
Wei et al., 2009). While correlations between proportions of certain expression pat-
terns and heterosis levels have been examined, different studies reported different gene
expression patterns as the most predictive of heterosis (Sun et al., 2004; Guo et al.,
2006; Stupar et al., 2008). The disagreement between studies is likely a reflection of
the intrinsic complexity of heterosis.
Global expression assays were also done at the allelic-specific level in hybrids to study
the role of cis-/trans- regulation in heterosis, and have suggested a few regulation mod-
els (Zhuang and Adams, 2007; Guo et al., 2008; Tirosh et al., 2009). A study on global
gene expression in rice hybrids specifically investigated the INDELs in the promoters
of differentially expressed genes in the hybrids and led the authors to propose a cis-
regulation model (Zhang et al., 2008). Conversely, eQTL analysis in maize hybrids
suggested that the majority of differential expressed genes are paternally controlled
in a trans-manner (Swanson-Wagner et al., 2009). Additionally, it was also shown
that epigenetics might contribute to heterosis (He et al., 2010). Overall, the patterns
and regulation of gene expressions in hybrids and their relationship with heterosis are
clearly of high complexity. Although many studies have contributed to our understand-
ing of heterosis-related gene regulation, our current knowledge is far from enough to
understand heterosis, let alone modify it.
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In this thesis, global expression profiling of mRNA and small RNA by microarray
and short read sequencing was applied to investigate the gene regulation involved in
mediating photomorphogenesis (Chapter II and Chapter III) and heterosis (Chapter IV).
14
CHAPTER 2
RAPID, ORGAN-SPECIFIC
TRANSCRIPTIONAL RESPONSES TO LIGHT
REGULATE PHOTOMORPHOGENIC
DEVELOPMENT IN DICOT SEEDLINGS
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2.1 Introduction
Photomorphogenesis plays an important role in early seedling establishment and its
underlying genetic regulation has been thoroughly studied (see section 1.1). Recently,
as high-throughput expression profiling methods such as microarray became available,
global expression profiles of de-etiolating Arabidopsis seedlings have been examined
and many potential signaling factors, including many transcription factors, were shown
to be light responsive downstream of phyA and/or phyB (Quail, 2007). However, an im-
portant feature of seedling photomorphogenesis, the cellular specificity of photorecep-
tors and photomorphogenic responses at the molecular level, is poorly understood. In
seedling photomorphogenesis, for example, different organs display distinct responses
to the light stimulus. During de-etiolation, cell expansion occurs in the cotyledon and
the concave side of apical hook, while inhibition of cell growth is observed in the
hypocotyl and the convex side of apical hook. Questions such as how the same light
signal triggers distinct, even opposite, responses in different tissues and organs, and
whether there is co-ordination or communication between organs, have always been
of interest in the field (Bou-Torrent et al., 2008). As early as in 1995, some light-
responsive genes, e.g. TUB1 (β-Tubulin 1) and SPA (SUPPRESSOR OF PHYA), were
shown to be regulated organ-specifically (Leu et al., 1995; Zhu et al., 2008). As the
expression microarray became a standard tool for global expression analysis, the organ-
specific light response began to be examined by profiling light responsive gene expres-
sion in individual organs such as cotyledon, hypocotyl, root and shoot apex (Ma et al.,
2005; Lopez-Juez et al., 2008). However, our knowledge of the tissue-specific regula-
tion of light signaling and thus regulation of photomorphogenesis at the cellular level
is far from complete. For example, the apical hook plays a key role in early seedling
establishment by protecting cotyledons and the meristematic primordia in the etiolated
seedling during soil penetration. The timing of hook opening is therefore critical to
the survival of the young seedling. Despite its distinct photomorphogenic behavior and
importance to seedling survival, the light response of the apical hook has only recently
begun to be explored (Li et al., 2004; Khanna et al., 2007). A global study of tran-
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scriptional responses to light in the apical hook has not yet been performed, to our
knowledge, perhaps due to the significant difficulty of extracting sufficient RNA from
this small organ in Arabidopsis seedlings.
We argue that our knowledge of the photomorphogenic control of plant development
can be refined by examining the response of the transcriptome to light thoroughly in
seedlings at the organ level. We performed an organ-specific expression profiling study
with soybean (Glycine max cv. Williams 82), which permits accurate expression profil-
ing of multiple tissues thanks to its large etiolated seedlings, without resorting to RNA
amplification. The response to a short FR treatment was studied in order to identify
the early regulatory events as well as to eliminate the effects of photosynthesis. In
this work, gene expression in cotyledon, apical hook and hypocotyl was compared us-
ing microarrays between seedlings treated with continuous far-red light (FRc) for one
hour, and dark-grown seedlings. FRc responsive genes were identified and their regula-
tion by FRc was shown to be organ-specific. To identify organ-specific FRc responses
and to investigate the relationship between organ-specific expression and light-induced
expression, a single channel analysis was performed with the microarray data to iden-
tify genes showing expression that was significantly stronger in individual organs. Both
analyses were selectively verified by quantitative real-time reverse transcription PCR
(QRT-PCR). The expression profiles of the hook convex and the hook concave of 1h
FRc treated seedlings were also compared using GeneChip Soybean Genome Array
(Affymetrix, CA). The spatial expression pattern and/or the mutant phenotype of some
identified FR-responsive genes were examined to study their function in photomorpho-
genesis.
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2.2 Results
2.2.1 Global expression analysis identified 27 genes as early far-red
light responsive genes in soybean seedling photomorphogenesis
We conducted an expression profiling experiment to identify the organ-specific gene
regulation triggered in the early stage of seedling de-etiolation. In order to remove
the potential complications of 1) signaling via multiple photoreceptor pathways and
2) gene expression responses to the initiation of photosynthesis, FRc was given for
one hour to induce the changes in gene expression associated with de-etiolation via
the phyA signaling pathway (Tepperman et al., 2001). The expression profiles of the
cotyledon, apical hook and hypocotyl of soybean seedlings were compared between
FRc treated seedlings and dark controls using the soybean cDNA microarray described
by Vodkin et al., 2004 (Figure 2.1). Four independent biological replicates, each con-
taining the tissue from a single seedling, were used in separate hybridizations. To con-
trol for labeling differences the dyes used for labeling the co-hybridized samples (Cy3
and Cy5) were swapped in the biological replicates. Microarray data was preprocessed
and normalized by Global Locally Weighted Scatterplot Smoothing (GLOWESS) and
then statistically analyzed using the rank product method (Breitling et al., 2004). Genes
with mRNAs differentially expressed in FR vs. dark as identified by an absolute fold
change (FC) of greater than two-fold, and which were statistically significant after ap-
plying a false discovery rate (FDR) correction of 5%, were defined as “FR-responsive
genes”. In total, microarray analysis identified 27 FR responsive genes according to
these criteria, including four genes identified as differentially expressed between the
cotyledon plus/minus FR samples, fifteen genes identified as responding in the apical
hook, and ten genes identified in hypocotyl (Table 2.1). Intriguingly, only two of the
genes fulfilled these criteria in multiple tissues (Glyma02g04170 is responsive to FRc
in both hook and hypocotyl, and Glyma06g14170 is FRc responsive in cotyledon and
hook).
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Figures
Figure 2.1: Two approaches to identify differential gene expression. To identify the genes reg-
ulated by continuous far-red light (FRc) in the hook, hypocotyl and cotyledon, RNA samples
from dark grown soybean organs were directly compared to RNA samples from FRc treated
plant organs by hybridizing both samples on the same array (represented by the black two-
headed arrows). To identify gene expression that was organ-specific, regardless of light respon-
siveness, single channel data from each array was extracted (represented by the single-headed
dark red arrows) which represented the expression profile of an organ in a specific light treat-
ment. Expression profiles of all three organs with the same light treatment were then compared
to each other, to identify the genes that are highly expressed in one organ compared to the other
two.
19
Tables
Table 2.1: FRc responsive genes identified by microarray analysis.
Glycine max Identifier Organ Log2 Fold Change False Discovery Rate (%)
Glyma02g42500 Cotyledon -1.86 0
Glyma13g37320 Cotyledon 1.04 0
Glyma01g38590 Cotyledon 1.22 0
Glyma06g14170 Cotyledon 1.38 0
Glyma11g03850 Hook -1.31 0
Glyma08g28730 Hook -1.12 0
Glyma15g16190 Hook -1.1 0
Glyma11g36210 Hook -1.09 0
Glyma07g21150 Hook -1.02 0
Glyma02g04170 Hook -1.01 0
Glyma18g05720 Hook 1.02 0
Glyma11g08850 Hook 1.02 0
Glyma08g45310 Hook 1.02 1.3
Glyma05g34870 Hook 1.07 2.1
Glyma02g13930 Hook 1.1 2
Glyma09g05180 Hook 1.27 0
Glyma08g45300 Hook 1.4 0
Glyma06g14170 Hook 1.73 0
Glyma20g28890 Hook 1.89 0
Glyma02g04170 Hypocotyl -1.16 0
Glyma12g13290 Hypocotyl 1.07 5
Glyma17g03350 Hypocotyl 1.09 3.3
Glyma20g38030 Hypocotyl 1.12 3.8
Glyma15g09150 Hypocotyl 1.18 0
Glyma10g33370 Hypocotyl 1.18 0
Glyma07g09220 Hypocotyl 1.21 0
Glyma16g03280 Hypocotyl 1.23 0
Glyma11g01350 Hypocotyl 1.3 0
Glyma10g12060 Hypocotyl 1.34 0
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2.2.2 An organ-specific gene expression pattern in response to FRc
With the previously described criteria (FDR<0.05 and fold change greater than 2), we
found that only two genes out of the 27 FRc responsive genes are significantly regu-
lated by FRc in more than one organ. The early FRc gene regulation thus seems to be
organ-specific. However, it is possible that some of those 27 FRc responsive genes are
also induced or repressed by FRc in a second organ, but fail to pass the arbitrary fold
change cutoff due to array noise and/or differences in statistical power. Therefore the
fold changes of those 27 FRc regulated genes in all three organs were compared across
all three organs using replicated microarray data, to identify instances of organ-specific
gene regulation in response to light in a more accurate way (Figure 2.2). In addition to
the organ where the gene was identified to be FR-responsive, if the gene is also respon-
sive in another organ with a fold change greater than 1.5 (equal to a log 2 fold change
0.6), the gene is considered to be regulated by FRc in more than one organ. Such strin-
gent parameters for calling organ-specific gene regulation allow us to identify organ
specific gene regulation with confidence. According to these criteria, 81.5% (22/27)
of the FR responsive genes are regulated by FRc specifically in only one organ (Figure
2.2A, B&C). Ten genes are specifically regulated only in the apical hook (Figure 2.2B),
nine genes were regulated specifically in hypocotyl (Figure 2.2C), while only three
genes are shown to be specifically regulated in cotyledon (Figure 2.2A). Some genes
that are regulated in more than one organ were also identified (Figure 2.2D). Over-
all, this result supports the hypothesis that many light-triggered mRNA-level changes
are likely to be tissue-specific during the early stage of the transcriptional signaling
cascade. The organ specificity of transcriptional light responses is a possible reason
for discrepancies between the FRc responsive genes identified in this experiment and
those identified in whole-seedling Arabidopsis experiments (Tepperman et al., 2001).
For example, the Arabidopsis ortholog of Glyma09g05180 (AT4G02570), which is up-
regulated in hook by 2.41 fold in our experiment, was not found to be significantly
regulated by FRc in either of the two previously published whole-seedling Arabidopsis
microarray experiments (Tepperman et al., 2001; Ghassemian et al., 2006).
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Because false positive results from arrays of the type used for this study have been
reported (Woo et al., 2004), QRT-PCR was performed to confirm the gene regula-
tion patterns. Gene expression was monitored in one-hour FRc-treated samples ver-
sus dark controls by means of an independently conducted, replicated and controlled
set of QRT-PCR experiments. Five candidates, ubiquitin (Glyma20g27950), α-tubulin
(Glyma04g09350), β-tubulin (Glyma04g02610), Histone H3.2 Minor (Glyma14g40590)
and Phosphoenolpyruvate carboxylase (PEPC; Glyma13g36670) were chosen as ref-
erence genes based on microarray data and literature (Tuteja et al., 2004). These five
candidates were tested for their stability in expression level across three organs in both
FRc and dark conditions using QRT-PCR. Histone H3.2 Minor was chosen to be the
reference gene because it is most consistently expressed in different organs in response
to either treatment among the five candidates (Figure 2.3). Eight genes that display dis-
tinct organ-specific regulation patterns were chosen from the 27 FR responsive genes
identified by the microarray for QRT-PCR analysis. The mRNA levels of genes were
measured with three biological replicates where each biological replicate was a pool of
eight seedlings. Three technical replicates were performed for each biological replicate
sample. These highly replicated QRT-PCR experiments thus allow greater statistical
power. The data was first converted to replicated expression values normalized with
the internal reference gene and then a fold change (FR/dark) was calculated, using the
∆∆CT method with experiment-determined amplification efficiency incorporated (Li-
vak and Schmittgen, 2001). QRT-PCR results are in agreement with the organ-specific
regulation of mRNA levels revealed by microarray analysis for all but one of the genes
tested (Figure 2.4), although the magnitude of the change observed is generally greater
from the QRT-PCR. We interpret this as being the result of background hybridization to
the microarray limiting the observable fold change. In the case of Glyma11g03850, a
discrepancy between microarray data and QRT-PCR results was observed (Figure 2.4).
Although the direction of change in expression level in response to light is consistent
between the QRT-PCR and microarray results for Glyma11g03850, the organ speci-
ficity of mRNA regulation is switched from hook-specific to hypocotyl-specific. Since
the QRT-PCR was performed as an entirely separate experiment with an independently
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collected plant sample set, the discrepancy may be due to variation in dissection of
hook and hypocotyl between the two batches of samples, which, in the case of a gene
whose expression is confined to a small group of cells (e.g. the region where hypocotyl
starts and apical hook ends), could create a difference in the observed regulation pat-
tern. Overall the QRT-PCR results support the organ-specific regulation pattern re-
vealed by the microarray data, and hence suggest that light responsive organ-specific
transcriptional regulation early in the transcriptional cascade is part of the mechanism
underlying the tissue-specific photomorphogenesis.
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Figure 2.2: Organ-specific regulation of mRNA levels in response to continuous far-red light
(FRc). The expression changes of genes derived from the replicated microarray experiment
were plotted as logarithm of fold change to base 2 (hence value 0 means no change while value
+/-1 means up- or down- regulation by two fold), across cotyledon, hook and hypocotyl. The
majority of the genes show an FRc-induced change in expression only in one organ, either
cotyledon (A), apical hook (B) or hypocotyl (C), while a smaller number of genes are not
regulated organ-specifically (D).
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Figure 2.3: The comparison of the expression of five candidate reference genes in three organs
with and without far-red (FRc) treatment. The cycle threshold (Ct) values from QRT-PCR of
each candidate reference gene in all organs and both conditions were plotted. Each Ct value was
measured with three independent biological replicates. The error bar represents the standard
error of the mean of all biological replicates. Glyma14g40590 was chosen as the reference
gene because it was the most stably expressed across all conditions.
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Figure 2.4: Far-red light responsive mRNA expression patterns measured by microarray and by
QRT-PCR. In each graph the absolute fold change (FC) derived from microarray data (red lines,
right axis) and QRT-PCR (columns, left axis) were plotted for cotyledon, hook and hypocotyl.
Positive FC indicates higher mRNA levels in continuous far-red light (FRc) compared to dark-
ness, while negative FC signifies lower mRNA levels in response to FRc. Error bars represent
the standard error of the mean of all biological replicates. Overall the QRT-PCR results agreed
well with the microarray data and supported that the FRc responsive gene regulation is organ
specific.
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2.2.3 Functional annotation of the soybean cDNA microarray sheds
light on the roles of organ-specific FRc responsive genes
To allow further investigation of the biological meaning of the microarray data, func-
tional annotation was generated for the array probes. Functional assignments of the
27 genes of interest are listed in Table 2.2. We identified Arabidopsis orthologs for
21 out of 27 FR responsive genes, among which 16 genes have well-annotated func-
tions while the other 5 have poorly-known functions. Among the well-annotated genes,
some were previously reported to be involved in light signal transduction, such as
Root Phototropism 2 (RPT2) (Glyma18g05720, Arabidopsis ortholog AT2G30520)
(Sakai et al., 2000; Inada et al., 2004) and ATHB-2 (Glyma11g03850, Arabidopsis
ortholog AT4G16780) (Ohgishi et al., 2001). Some other genes are known as down-
stream effectors for light response, e.g. chalcone synthase (Glyma11g01350, Arabidop-
sis ortholog AT5G13930), which is involved in generation of protective anthocyanin
pigments in response to light (Batschauer et al., 1991; Kubasek et al., 1992&1998),
and early light-inducible protein (ELIP1) (Glyma20g28890, with Arabidopsis ortholog
AT3G22840). Some other genes are involved in protein regulation and modification,
e.g. the ubiquitin-dependent protein catabolic process (Glyma09g05180, Arabidop-
sis AT4G02570; Glyma20g38030, Arabidopsis AT1G09100) and protein phosphoryla-
tion / de-phosphorylation (Glyma12g13290, Arabidopsis AT4G28400), which are two
known mechanisms of regulating protein activity in the light signaling pathway (Wei
and Deng, 2003; Monte et al., 2007). Two genes (Glyma02g04170 and Glyma02g42500)
encoding proteins with domain with unknown function DUF231, including the freez-
ing tolerance regulator Eskimo 1 (ESK1) (Xin et al., 2007), were both down-regulated
by FRc. Six genes of the identified 27 FR responsive genes (22%) do not have a clear
Arabidopsis homolog identifiable by TBLASTX with an e-value cutoff of 1E-6. The
annotation of identified FR-responsive genes agrees well with our current knowledge of
photomorphogenesis, confirming that our microarray experiment led to the identifica-
tion of photomorphogenic regulators, and suggesting that not all photomorphogenesis-
related genes in soybean have orthologs in Arabidopsis.
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2.2.4 Single channel analysis of the microarray data revealed organ
specific gene expression pattern
Spotted microarray data can be analyzed in multiple dimensions to compare samples
across multiple microarrays, in addition to comparing samples physically hybridized
into the same array (Dhaubhadel et al., 2007). To address whether the FR respon-
sive genes were also genes that are expressed in an organ specific pattern regardless
of light response, a single channel approach was taken to re-analyze the microarray
data. The gene expression profile of one organ (either the Cy3 or Cy5 channel in one
hybridization array) was compared to other organs (profiled in the Cy3 or Cy5 chan-
nel from a second array) in either FRc treated or dark control samples (Figure 2.1).
The microarray data was normalized and processed as described in methods. Statistical
analysis was performed again using the rank product method with FDR cutoff 5% and
a greater fold change, four fold cutoff, to minimize between-array noise and to identify
organ-specific expression with confidence. Transcripts that are four or more fold more
abundant in one organ relative to the other two organs and show statistical significance
were considered to be organ-specific transcripts.
The analysis revealed that in etiolated seedlings, 459 genes were expressed at sig-
nificantly higher levels in cotyledons with respect to apical hook and hypocotyl. In
seedlings treated with FRc for one hour, 559 transcripts were more abundant in the
cotyledon compared to apical hook and hypocotyl. Comparing the two gene lists led to
identification of the overlapping set of 389 transcripts which had higher mRNA levels in
cotyledon irrespective of light conditions, henceforth referred to as “cotyledon-specific
genes” (Figure 2.5A&B; Figure 2.6A; Appendix 1). With the same process 40 “hook-
specific genes” and 262 “hypocotyl-specific genes” were identified (Figure 2.5A&B;
Figure 2.6 B&C; Appendix 2&3). We expected to see more cotyledon-specific genes
than hook-specific genes and hypocotyl specific genes, because the cotyledon is distinct
in morphology, function and organogenesis from the other two organs in question. The
result agrees well with our expectation. Some of the organ-specific transcripts were se-
lected and confirmed by replicated QRT-PCR experiments (The gene Glyma15g09750
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was just short of the fourfold criterion for ”hook specific” (FC of hook vs. hypocotyl
as 3.64 fold) but was included because of potential biological significance as an ARF6
like gene). QRT-PCR results agreed well with those from the microarray (Figure 2.5C)
confirming the reproducibility of the single-channel analysis method.
We further investigated whether any Gene Ontology (GO) terms were over-represented
in the genes that were significantly more abundant in each organ. For this analysis, we
included all genes whose mRNA levels are significantly higher with respect to the other
two organs with FDR < 5% (without the four-fold cutoff criterion), allowing greater
statistical power for detection of over-represented GO terms. GO term annotations were
assigned to soybean genes by determining the GO annotations of their Arabidopsis or-
thologs using the Arabidopsis Information Resource (TAIR) (Huala et al., 2001). The
percentage of genes annotated with a given GO term in the organ-specific genes was
compared to the percentage of genes annotated with the same GO term in the complete
probe set of the soybean cDNA microarray, and the statistical significance of any dif-
ference assessed by means of the hypergeometric distribution. Raw P-values calculated
using the hypergeometric method were then submitted to false discovery rate control
for multiple-testing error with FDR <5%, to pick the statistically significant GO terms.
The over-represented GO terms in cotyledon specific genes include chloroplast thy-
lakoid membrane (GO:0009535), chloroplast ribulose bisphosphate carboxylase com-
plex (GO:0009573), oxygen evolving complex (GO:0009654), cysteine protease in-
hibitor activity (GO:0004869), and cytochrome b6f complex (GO:0009512). Taken
together these terms indicate an expected predominance of photosynthesis-associated
genes that are specific to the cotyledon (Table 2.3). The higher expression levels of pho-
tosynthesis and chloroplast-related genes in the cotyledons were observed even before
the seedlings were exposed to a light signal. This suggests that most components of
the photosynthetic machinery are already expressed in a cotyledon-specific manner in
darkness. Hook specific genes are enriched with GO terms related to cell division and
protein turnover (Table 2.3). This could indicate that active cell division has a role in
hook opening or subsequent development, especially considering the meristemic tissue
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is closely adjacent to the apical hook. The most significant GO term in hypocotyl spe-
cific genes is “cell-wall related genes”, which agrees well with an expected importance
of cell wall synthesis activity in hypocotyls either in elongating etiolated seedlings or
during seedling de-etiolation, where the elongation of the hypocotyl is inhibited (Ta-
ble 2.3). Overall, the significantly over-represented GO terms identified in the organ-
specific genes agree well with our current knowledge of seedling germination.
We next compared the set of genes regulated by FRc in an organ-specific manner with
the set of genes expressed in an organ-specific pattern, to investigate whether the FR-
responsive genes are also expressed in an organ-specific pattern. The result shows that
there is little overlap between the two gene sets, with three exceptions. Glyma15g16190
and Glyma07g21150 are expressed in high abundance in the apical hook of etiolated
seedlings (Appendix 2), meanwhile they are down-regulated by FRc specifically in the
apical hook. Glyma01g38590 is highly expressed in cotyledon and induced by FRc
only in the cotyledon. However, the remainder of the FR responsive genes identified
(24 out of 27) were not shown to be expressed at significantly higher levels in the organ
where they show organ-specific regulation, suggesting there is no great overlap between
organ-specific gene expression and organ-specific transcriptional responses to light.
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Figure 2.5: Identification and QRT-PCR confirmation of organ-specific transcripts. A. Organ-
specific transcripts in dark-grown etiolated seedlings and seedlings treated with 1 h continuous
far-red light (FRc) were identified by microarray using a single channel approach and rank
product method. B. Heatmap showing normalized expression values of organ-specific genes
across three organs in two different light conditions with four biological replicates per organ
per light condition. Yellow indicates high expression while orange indicates low expression. C.
Confirmation of organ-specific expression by QRT-PCR. In each graph the relative expression
levels (normalized to the mean expression level in all three organs) derived from microarray
(red lines) and QRT-PCR data (blue columns) were plotted for cotyledon, hook and hypocotyl.
The error bars represent standard error of the mean of all biological replicates.
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2.2.5 cis-regulatory elements identified in the promoters of
organ-specific genes
The regulatory nucleotide sequence in gene promoters plays a key role in the tran-
scriptional response of plants to light stimuli (Hudson and Quail, 2003). A number of
cis-regulatory elements have been characterized, and for light-responsive elements their
specific binding to trans-regulatory factors in the phytochrome-mediated light signal-
ing pathway is known in many cases, e.g. GATA, G-box, I-box and the CCA1 binding
motif (Donald and Cashmore, 1990; Wang et al., 1997; Teakle et al., 2002). To search
for potential organ-specific light-responsive cis-regulatory elements, two enumerative-
approach-based motif-finding tools, Sift and Elefinder, were used to identify over-
represented promoter motifs in the microarray-identified co-regulated gene sets. Sift
was developed for identifying over-represented promoter motifs in co-regulated Ara-
bidopsis genes sampled from the Arabidopsis Affymetrix array (Hudson and Quail,
2003). In this study, we used an updated version of Sift, which allows the detection
of motifs including degenerate nucleotides and with more rigorous statistics, with pro-
moter sequences from the now completed genome of soybean (Schmutz et al., 2010).
Elefinder is a new program similar to Sift but rather than detecting new motifs, it is
designed to detect already characterized motifs that are over-represented. Both tools
are available at http://stan.cropsci.uiuc.edu/tools.php. The abundance of a motif in the
promoters of co-regulated genes was compared to the abundance of the same motif
in promoters of all the genes presented on the microarray, using both Elefinder and
Sift. Motifs that are significantly more abundant in co-regulated gene sets with respect
to the rest of the microarray were determined by first calculating a P-value using the
hypergeometric method, and then correcting for multiple tests by using FDR < 5%.
We investigated the over-represented motifs in the co-regulated genes identified by the
microarray experiment at multiple levels, by testing sets of promoters of FR responsive
genes, FR up-regulated genes, FR down-regulated genes, organ-specific FR responsive
genes and organ specific genes. Figure 2.7 shows the significantly over-represented
known regulatory motifs identified in those groups by Elefinder. Significantly over-
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represented motifs in the 27 FR responsive genes include the formerly characterized
GATA binding site and CCA1 binding site, which are known light-responsive motifs
(Figure 2.7A) (Wang et al., 1997; Teakle et al., 2002). FR up-regulated genes and FR
down-regulated genes have distinct over-represented motifs in their promoters (Figure
2.7 B&C), suggesting the same light signal is transduced through two separate path-
ways leading to positive and negative regulation of downstream effectors. In the pro-
moters of FR up-regulated genes, the GATA binding motif and CCA1 binding motif
are again over-represented, as well as another formerly described light responsive mo-
tif, I-box (Donald and Cashmore, 1990). In the promoters of FR down-regulated genes,
SORLREP1, first reported as a light-repressed motif by Hudson and Quail in 2003, is
the most over-represented motif (Figure 2.7C). Motif analysis also revealed the most
over-represented motif in FRc-induced genes is distinct in different organs. The I-box
was most over-represented in promoters of cotyledon FR responsive genes, the CCA1
binding motif in the hook and the GATA binding site in hypocotyl (Figure 2.7D, E&F).
This suggests that distinct interactions between transcription factors and cis-regulatory
elements occur in different organs and tissues in response to light stimulus.
The significant motifs identified in organ-specific FR-responsive promoters could be
either involved in FR-induced photomorphogenesis or simply over-represented in pro-
moters of genes expressed in the organ in question. To address this issue, we prepared
the list of over-represented cis-regulatory motifs in organ specific genes, and compared
it with the motifs associated with organ-specific FR regulation. In cotyledon and hook,
organ-specific gene expression and organ-specific FR gene regulation require different
motifs (Figure 2.7), therefore, the light responsive motifs identified in cotyledon and
hook are likely to be truly light responsive. Note that SORLIP1, a motif known to
be over-represented in light-induced genes (Hudson and Quail, 2003), appeared in this
experiment to be specific to cotyledon-expressed genes and not to light-induced genes.
The most over-represented light responsive motif in hypocotyl, the GATA motif, was
also observed to be present at significantly higher levels in the promoters of hypocotyl
specific genes (Figure 2.7I). The hitherto undescribed differentiation of known light-
37
regulatory motifs into cotyledon, hook and hypocotyl has several implications for the
mechanism of photomorphogenesis in different tissues.
In addition to searching for known motifs in co-regulated gene groups using the Elefinder
software, we also analyzed all 6, 7, 8 and 9mers in those promoters, using Sift (Hud-
son and Quail, 2003; Walley et al., 2007), to search for novel cis-regulatory motifs.
A new motif, TGNGCNANT, was identified as significantly over-represented in FR
up-regulated gene promoters. Another motif, CNACGTGG, which shares strong sim-
ilarity with the known light responsive element G-box, was identified as significantly
over-represented in cotyledon specific genes (Table 2.4). No other motifs were identi-
fied as significant using the FDR cutoff at 5%. The fact that most of the motifs identified
as significant by Elefinder were not detected by Sift was likely a result of the relatively
low statistical power of Sift when corrected for false discovery, since Sift examines
millions of putative motifs while Elefinder examines only hundreds of known motifs.
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Figure 2.7: Over-represented motifs involved in organ-specific and continuous far-red light
responsive gene expression. Known cis-regulatory motifs were detected in promoters of organ-
specific and continuous far-red light (FRc) responsive genes using the Elefinder. This analysis
was conducted with the following gene sets: genes that are responsive to 1h FRc (A); genes that
are up-regulated (B) or down-regulated (C) by 1h FRc; genes that are responsive to 1h FRc in
the cotyledons (D), apical hook (E) or hypocotyl (F); genes that are expressed at higher levels
in cotyledons (G), apical hook (H), or hypocotyl (I). In each graph the mean number of motifs
per promoter of the genes in the co-regulated gene set (solid grey) was compared to the mean
number of motifs per promoter of the soybean cDNA microarray probe set (hatched). ****:
FDR<0.0001; ***: FDR<0.001; **: FDR<0.01; *: FDR<0.05.
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2.2.6 Differential gene expressions were identified in the convex side
of the apical hook with respect to the concave side
The behavior of different parts of the apical hook during de-etiolation is heterogeneous,
evidenced by the opposite roles of the concave side and the convex side of the apical
hook during the hook opening process. For the hook to open, the hook concave should
expand while the hook convex should show an arrest of growth. We used the GeneChip
Soybean Genome Array (Affymetrix, CA), also referred to as the soybean Affymetrix
array in this thesis, to compare the gene expression profile of the hook concave with
hook convex, both treated with 1h FRc. The experiment included three biological repli-
cates of either tissue type, where each biological replicate represented a total RNA
sample extracted from a pool of eight seedlings. The raw data was summarized and
normalized with the GCRMA v2.0 package (bioconductor.org) to compute the expres-
sion levels (Figure 2.8). A list of genes that were expressed at a significantly higher
level in the convex than concave, and vice versa, were identified by the rank product
method, with an FDR cutoff of 0.05 and FC cutoff 2-fold.
Based on above criteria, 29 probes (representing 23 genes) were expressed higher in
the hook convex than concave (hereafter referred to as “convex genes”) in 1h FRc
treated seedlings, while 76 probes (representing 61 genes) were expressed higher in
the hook concave than convex (hereafter referred to as “concave genes”) in 1h FRc
treated seedlings (Table 2.5). To further understand the functional annotation of those
genes, we first used an online GO analysis toolkit AgriGO v1.2 (Du et al., 2010) to
detect any over-represented GO terms among the hook convex/concave genes. Genes
that are associated with lipid metabolic process (GO:0006629), endomembrane sys-
tem (GO:0012505), and carboxylesterase activity (GO:0004091) are most significantly
over-represented in the concave gene list (Figure 2.9A; Table 2.6). The over-represented
GO terms collectively suggested an active lipid metabolism in the concave side of
the hook, which may be associated with active cell division. We also annotated all
probes by first mapping them to the predicted gene models of the JGI soybean genome
assembly, followed by searching for their Arabidopsis homologs. It was noted that
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Glyma02g16090 (similar to ATAUX2-11) and Glyma09g37090 (similar to EXPANSIN
A1) were shown to express higher in the concave side of the apical hook than the convex
in the intial one hour light exposure, which agrees well with the speculated expansion
role of the hook concave during hook opening.
Among the 29 convex genes, a few GO terms of biological process were identified,
which collectively suggested a major role of “developmental signaling transduction”
and “response to endogenous stimulus” in the hook convex (Figure 2.9B; Table 2.7).
One potential signaling factor among the hook convex genes is Glyma18g49290, which
encodes a soybean homolog of ATHB20 (ARABIDOPSIS THALIANA HOMEOBOX
PROTEIN 20). The differential expression of this gene between the two sides of api-
cal hook in FRc was confirmed by QRT-PCR, and its expression level in the hook of
the dark control seedlings was also studied by QRT-PCR (Figure 2.10). The soybean
ATHB20 was expressed higher in the hook convex than the hook concave in both FRc
and darkness. The GO term “response to endogenous stimulus” mainly involved genes
associated with the jasmonic acid pathway, which could indicate a role of JA signaling
in suppressing cell growth in the hook convex. Overall, the comparison of expression
profiles of the hook concave and the hook convex indicated that the transcriptome is
regulated differentially on the two sides of the apical hook.
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Figure 2.8: Gene expression levels of the two tissue types (hook convex and hook concave)
after 1h far-red light treatment. The gene expression levels of the hook concave, measured by
the Affymetrix arrays as are plotted against those of the hook convex. The base 2 logarithm of
the average expression value of three biological replicates is plotted.
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Figure 2.9: Over-represented GO terms identified in the hook concave genes (A) and the hook
convex genes (B) by AgriGO v1.2. The percentage of genes with a specific GO term was
compared between the hook concave/convex genes (green bar) and the genes present on the
soybean Affymetrix array (blue bar). The GO terms are grouped on X-axis by their ontology
(Biological process, Molecular function or Cellular component). In hook convex genes (B),
only GO terms from biological process are significant. Within each ontology group, the GO
terms are arranged so that the higher significance level is on the left.
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Figure 2.10: Expression levels of Glyma18g49290 in the hook concave and hook convex.
Glyma18g49290, a HD-ZIP family gene, shows an enriched mRNA level in the convex part
of the hook in either darkness or after 1h far-red light (FR). The relative expression levels of
Glyma18g49290 normalized to an internal reference gene measured by QRT-PCR are plotted.
Error bars represent the 95% confidence interval.
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2.2.7 Identification of new signaling factors in FRc regulated
photomorphogenesis
The microarray experiment allowed the identification of genes that are regulated by
light in an organ-specific manner. We then investigated whether any genes identified
can be shown to play an organ-specific role in FRc-induced photomorphogenesis. The
apical hook has a critical role in seedling de-etiolation, but knowledge of the mecha-
nism underlying hook opening in response to light is limited, we therefore investigated
genes involved in hook-specific transcriptional regulation.
Glyma18g05720 is up-regulated in response to FRc with a larger fold change in apical
hook than in cotyledon or hypocotyl, as indicated by the microarray and confirmed
by QRT-PCR (Table 2.1; Figure 2.2B and Figure 2.4). Glyma18g05720 encodes a
likely ortholog of the Root Phototropism 2 (RPT2) protein of Arabidopsis (Sakai et al.,
2000; Inada et al., 2004), hence the protein encoded by this transcript is referred to
as GmRPT2L (for Glycine max RPT2 like) hereafter. GmRPT2L shares 66.4% amino
acid identity and 89.5% similarity with Arabidopsis RPT2. RPT2 was first reported
as a positive regulator downstream of PHOT1 in the blue light signaling pathway of
root phototropism (Motchoulski and Liscum, 1999; Sakai et al., 2000) and later shown
to mediate light-induced stomatal opening by associating with PHOT1 (Inada et al.,
2004).
To investigate the role of RPT2 in FRc-induced photomorphogenesis, we first studied
the spatial expression pattern of RPT2. The GUS-reporter system was used to test the
expression pattern of a pRPT2::GUS construct (Inada et al., 2004) in 1h FRc treated
Arabidopsis seedlings and dark-grown seedlings (Figure 2.11). In darkness, the GUS
staining was observed mainly in the concave side of the hook and the root tip, as well
as in cotyledons. The spatial expression pattern of pRPT2::GUS in 1h FRc treated
seedlings was very similar to that in the etiolated seedlings (Figure 2.11). This was not
surprising because one hour is likely too short for distribution of the GUS protein to
change significantly. The GUS activity in the hook expanded from the concave side
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of the hook to the convex side of the hook after 4 to 10 hour FRc treatment (Figure
2.11), which agrees well with the induction of RPT2 in the apical hook in response
to FRc. From 10h to 24h in the FRc, however, the GUS signal retracted towards the
cotyledons and finally disappeared completely in the apical hook region, as the de-
etiolation completed (Figure 2.11). Additionally, a RNA in situ hybridization assay
suggested that the mRNA level of RPT2 is higher in the shoot apical meristem than the
hook in both etiolated and 1h FRc treated tissues (Figure 2.12).
To investigate any role of RPT2 in FRc-induced photomorphogenesis, we exploited
the available Arabidopsis mutant resources to obtain two EMS-induced alleles of rpt2,
rpt2-1 (null mutant, Sakai et al., 2000) and the previously undescribed rpt2-101 (where
a G-A transition at position 115 in the open reading frame causes a G39R substitution).
Seed of rpt2-101 was obtained as a TILLING line from the Arabidopsis Biological
Resource Center at the Ohio State University with accession number CS91521 (Till et
al., 2003). Seeds of these lines were first grown in darkness for 3 days and then given
10uM.s-1.m-2 FR light for 24 or 27 hours. After transfer to FRc the angle of cotyledon
opening and apical hook opening were measured every three hours for rpt2-1 and once
per hour for the first 12 hours for rpt2-101, followed by once every three hours for
rpt2-101, since rpt2-101 displays a more rapid opening curve compared to rpt2-1. The
background accessions for the two mutant lines (Landsberg erecta for rpt2-1 and Col
er105 (Big Mama, Torii et al., 1996) for rpt2-101) were also included in the assay as
controls. The result suggests that although the mRNA for RPT2 is more strongly FRc-
regulated in apical hook than the other two organs, the light-induced hook opening
of rpt2 mutants is very similar to that of the wild type (although rpt2-101 showed
an altered hook angle in darkness) (Figure 2.13B&D). However, for both rpt2 mutants,
cotyledon opening is significantly faster in the mutants compared to their corresponding
wild type (Figure 2.13A&C). RPT2 is thus necessary for normal photomorphogenesis
in FRc. The more rapid opening of the cotyledon in the mutants may indicate a negative
regulatory role of RPT2 in seedling photomorphogenesis.
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Figure 2.11: Histochemical localization of GUS expression in transgenic Arabidopsis plants
carrying pRPT2::GUS. Three-day old, dark-grown seedlings carrying a construct with the pro-
moter of the RPT2 gene driving expression of the GUS gene are shown after histochemical
staining for GUS. Seedlings are shown without light treatment or after one to 24 hours of treat-
ment with far-red light (FR). Left column: the whole seedling under bright field illumination
(staining in the apical zone and root), middle column: the seedling apex under bright field illu-
mination; right column: the same view as the middle column under phase-contrast illumination.
Each row shows seedlings of a time point as labeled on the right.
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Figure 2.12: Spatial localization of RPT2 mRNA in the apical hook of soybean seedlings.
The spatial distribution of RPT2 mRNA in the apical hook of 7 days old dark-grown seedlings
(A&B) and seedlings after 1h far-red light treatment (C&D) was examined by RNA in situ
hybridization with antisense probe (A&C) or sense probe (B&D) as negative controls.
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Figure 2.13: Angle of cotyledon and hook in rpt2 and ago1-27 mutants compared to their
background accession (WT) during growth under continuous far-red light (FRc). Three-day old
etiolated seedlings of rpt2-1 (A&B), rpt2-101 (C&D) and ago1-27 (E&F) seedlings and their
corresponding background accessions were transferred to FRc. The angles of cotyledon (ACE)
and hook (BDF) of both mutants and WT were measured at three hour intervals, or one hour
intervals in the steepest part of the curve. The error bars represent the standard error of the
mean.
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2.2.8 A possible role of small RNA in light signaling was revealed by
the essential role of AGO1 in seedling de-etiolation
Glyma20g12070 is highly expressed in the apical hook compared to cotyledons and
hypocotyl, as revealed by the single-channel analysis and confirmed by QRT-PCR
(Figure 2.5). The predicted protein of Glyma20g12070 shares 68.94% identity and
88.91% similarity with Arabidopsis AGONAUTE 4 (AGO4, At2g27040). In Arabidop-
sis, ARGONAUTE family have been implicated in small RNA-mediated gene repres-
sion during plant development and stress adaptations (Mallory et al., 2008). Within the
ARGONAUTE family, AGO1 is most well studied and hence with the most Arabidop-
sis mutants available. Glyma16g34300 is a potential homolog of AGO1 (At1g48410).
The two proteins share 79.32% identity and 90.60% similarity. The expression pattern
of Glyma16g34300 is very similar to Glyma20g12070, as shown by the microarray
data and also verified by QRT-PCR (Figure 2.14). These results collectively suggested
that AGO family homologs are expressed higher in the apical hook at early seedling
developmental stage. Therefore, we investigated the light response of Arabidopsis mu-
tants carrying defects in AGO1. Among all available ago1 mutants, we chose to study
a hypomorphic mutant ago1-27 because it is less severely impaired developmentally
compared to others, which is suitable for the genotyping and phenotyping of young
seedlings in our phenotyping assay (Morel et al., 2002). We compared the cotyledon
opening and hook opening of ago1-27 with its genetic background Columbia during
FRc induced de-etiolation. In FRc, ago1-27 failed to open its cotyledon (Figure 2.13E).
The hook opening of ago1-27 was also slower than Columbia (Figure 2.13F). Together,
the results suggested that the organ-specifically expressed AGO gene plays an essential
role in promoting seedling photomorphogenesis. Considering the essential role of the
AGO family in the small RNA pathway, this may indicate that small RNA also plays a
key role in the seedling de-etiolation. The role of small RNA in photomorphogenesis
is discussed in detail in Chapter III.
60
Figure 2.14: Expression level of soybean AGO1 homolog. The soybean homolog of Arabidop-
sis AGO1 (At1g48410), Glyma16g34300, shows an enriched mRNA level in the apical hook in
both far-red light (FR) and darkness as revealed by the microarray and the QRT-PCR. The bars
represent the relative expression levels of Glyma16g34300 measured by QRT-PCR (left axis),
while the curves represent the expression levels of Glyma16g34300 measured by the cDNA
microarray (right axis). The error bars represent the standard error of the mean.
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2.3 Discussion
2.3.1 Spatial specificity of gene regulation in photomorphogenesis
Using microarrays, it is now possible to study the role of spatial specificity of gene
regulation in photomorphogenesis, as others have done (Ma et al., 2005; Lopez-Juez
et al., 2008). In our research, we were able to use the large seedling size and genomic
resources available for soybean to show that several genes are expressed at signifi-
cantly higher levels in cotyledons, hook or hypocotyl. When the genes responsive to
FRc within one hour are considered, some genes showed stronger responses in one or-
gan than in other organs. We identified more organ-specific genes than FRc-regulated
genes in this experiment, which is not surprising considering the large differences in
the biological roles the three organs play. The cotyledons showed the largest number of
organ-specific genes, consistent with the special role played by the cotyledons in energy
supply. Hook and hypocotyl cells have similar fates in seedling development and thus
fewer genes are expected to be specific to one of these two tissues. Such organ-specific
expression and regulation of gene expression provides a reasonable explanation for the
mechanism of organ-specific photomorphogenic responses.
In our study we identified 27 genes that were regulated in cotyledons, hook and hypocotyl
by 1h FRc. Seven genes were repressed and 20 genes were induced. A previous
study (Tepperman et al., 2001) performed on Arabidopsis whole seedlings using an
Affymetrix assay identified 56 genes induced and 6 genes repressed by 1h FRc via
phyA. Among the 56 genes, transcription factors (TFs) were significantly enriched.
We identified a similar trend of repression versus induction, but with a smaller number
of regulated genes and fewer transcription factors. A comparison of our regulated gene
list with the Arabidopsis gene list based on orthologous genes suggested that: (1) 2
out of the 27 genes were also reported to be regulated in the same direction by FRc
in the Arabidopsis affymetrix data (RPT2 and ATHB2); and (2) the majority of the 27
genes were not identified as being regulated in the Arabidopsis Affymetrix data. A few
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differences in experimental approaches may have contributed to this. Firstly, a biolog-
ical replicate in our microarray experiment contained tissues from a single seedling to
enhance the confidence in true positives by intentionally allowing between-individual
variance. However, this could lead to false negatives due to higher noise, especially
for low-expression genes such as transcription factors. Tepperman et al. used a pool
of Arabidopsis seedlings as a biological replicate. Secondly, Tepperman et al. used an
Affymetrix array while in this study a mechanically spotted array was used. Overall
the level of noise and the resolution provided by the arrays differ substantially be-
tween the two experiments. Moreover, Tepperman et al. reported 62 early responsive
genes of which 21 are TFs. Of these 21 TF genes only 11 are represented by soybean
orthologs in the soybean cDNA microarray. Six of these 11 genes show consistent re-
pression/induction by FRc greater than 1.6 fold (thus we consider them to be confirmed
in both species) while the others show smaller fold changes, possibly due to array noise
as described earlier. Two of these six transcription factors are reported in our study as
significantly responsive genes (RPT2 like and HAT4/ATHB2 like). Therefore, the corre-
lation of the two gene lists may be greater than apparent at first sight. The discrepancies
are most likely caused by the fold-change/FDR cutoff due to the sensitivity of the mi-
croarray and the stringency of the statistical methods applied. That our study identified
some FR regulated genes that were not reported to be responsive in Tepperman et al.
study might be due to the difference in spatial resolution (organ level versus the whole
seedling). At last, although the fundamental mechanisms of photomorphogenesis are
likely conserved among dicots, timing and magnitude differences in light responsive
gene regulation between Arabidopsis and soybean might exist and might also account
for differences in the significant gene lists.
The difference in over-represented cis-regulatory motifs in different organs provides
more insight into the mechanism of organ specification, suggesting that organ-specific
interaction of transcription factors and cis-regulatory motifs occurs, even for motifs al-
ready known to mediate light responses. This finding suggests that photomorphogenic
regulatory networks vary in different organs and tissues. Such distinctive, tissue-specific
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regulatory networks provide a mechanism for the organ-specificity of seedling pho-
tomorphogenesis at the tissue level. SORLIP1, which was reported to be a motif
over-represented in light-induced genes, appears in this experiment to be specific to
cotyledon-expressed genes and not to light-induced genes. This could be a consequence
of this motif being falsely correlated with light-induced genes in the previous study as a
result of the fact that such genes are often also cotyledon-specific. It could also be due
to the FR-regulated genes described here being regulated two-fold within one hour at
organ-specific level, whereas the dataset in which SORLIP1 is over-represented as FR
regulated motif consists of genes induced by FR within 24 hours in the whole seedlings
(Hudson and Quail, 2003).
2.3.2 The apical hook and the role of RPT2
The apical hook displays distinct morphological behavior in de-etiolation. As a result
of the interplay of light stimulus and hormonal regulation, the apical hook shows lo-
calized cell expansion, leading to unfolding of the hook. However, apical hooks were
not included in the previous organ-specific light response studies (Ma et al., 2005;
Lopez-Juez et al., 2008), presumably due to the extremely small size of the hook in
Arabidopsis seedlings. In our study, we took advantage of the relatively large soybean
seedlings to study individual organ de-etiolation. Therefore, we are able to show a
list of genes regulated by FRc in the apical hook in dicot seedlings for the first time.
However, the apical hook region we dissected is still necessarily heterogeneous, lim-
ited by how visually distinguishable the organs in question are, the need for a sample
of large enough size for effective RNA isolation, the need to rapidly process the sam-
ples to avoid RNA degradation and touch responses, and the maintenance of consistent
light conditions. First, the hook convex and the hook concave respond differentially to
light in de-etiolation, as previously mentioned. This was partially addressed by section
2.2.5 and will be mentioned again later in the discussion. Second, the hook section of
the seedling as used in this study included the shoot apical meristem (Figure 2.12) and
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also likely some hypocotyl tissue. Since the shoot apical meristem, with many cells
undergoing cell fate determination and rapid expansion, were included in apical hook
tissue, the “hook” sample contains the most rapid regions of cell division. This pro-
vides an explanation of why the largest number of FRc responsive genes is detected in
the apical hook region, and that the over-represented GO terms for the hook specific
genes are related to cell division and protein turnover. Also, the junction of the apical
hook and hypocotyl is not clearly defined. Thus, the hook sample may contain a vari-
able number of cells where gene regulation responsible for the hypocotyl elongation
is active. This may explain the discrepancy between QRT-PCR and microarray result
for gene Glyma11g03850 (ATHB2-like), whose organ specificity is flipped between the
hook and hypocotyl in these experiments.
We investigated Arabidopsis mutants in a gene (RPT2/Glyma18g05720) most respon-
sive to light in the hook, to determine whether hook-specific developmental defects
were present. This mutant has a known role in tropic responses, but no previously
known effects on phytochrome-mediated, non-directional photomorphogenic responses.
A missense mutant allele of rpt2 showed an altered hook angle in darkness (which may
be caused by the interaction of the missense mutation with other key regulators in skoto-
morphogenesis) (Figure 2.13D), but both the missense and stop codon alleles displayed
faster cotyledon opening (Figure 2.13A&C). Glyma18g05720 therefore does play a
role in the morphogenesis of the apical zone but it is likely more important for cotyle-
don opening than for hook opening. Therefore, while a gene expression profile in the
apical hook does not always predict a mutant phenotype in that structure, a previously
undescribed phenotype for rpt2 was observed, which is consistent with a role of this
gene in photomorphogenesis of the apical zone during de-etiolation. Since cotyledon
opening and hook opening are both rapid responses in the apical area mediated largely
by cell expansion, it is likely that these responses are related and that the cotyledon
opening response is the more sensitive of the two to perturbation of regulatory factors.
Alternately, it is also possible that the signal originates in the end of the hook, i.e. the
base of the cotyledons, thus affecting cotyledon opening. A careful examination of the
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spatial gene expression pattern of RPT2 in the seedlings at the developmental stages
concerned in this study would help to clarify the details.
We therefore examined the spatial expression pattern of RPT2 first with Arabidopsis
pRPT2::GUS reporter system and then using RNA in situ hybridization for a closer
view of expression in soybean apical hooks. In dark-grown seedlings, the GUS sig-
nal was observed most strongly in the hook, cotyledons and root tips (Figure 2.11).
During the 24 h of FRc treatment, the most striking change was observed in the hook.
Expression in the hook was asymmetric with a strong bias towards the concave side
of the hook in darkness. After giving etiolated seedlings 1h FRc treatment, no strong
change was observed (Figure 2.11), although the microarray and QRT-PCR suggested
a major induction of RPT2 in the hook. This is not unexpected, because the microarray
and QRT-PCR assay examined the mRNA level of RPT2, while the GUS assay exam-
ined a combination of transcriptional and translational regulation of RPT2. Therefore,
one hour is unlikely to be long enough for the protein accumulation to change signif-
icantly, even though the transcriptional up regulation occurs as early as 1h. From FRc
1h to FRc 10h, the GUS signal expanded from the hook concave to hook convex as
well as to the direction of hypocotyl as the apical hook opened (Figure 2.11). This
agrees well with an induction of RPT2 in response to FRc in the apical hook revealed
by the microarray and QRT-PCR. From FRc 10h to FRc 24h, the GUS signal reduced
dramatically in the hook and finally disappeared completely from the apical hook, as
the cotyledons opened (Figure 2.11). It seemed that very active protein degradation
happened during the FR 10h to FR 24h period, probably associated with a dramatic
cell fate change in the apical hook during de-etiolation. On the other hand, the RNA in
situ hybridization experiment showed that the hybridization signal was stronger in the
shoot apical meristem than the hook in both 1h FRc treated samples and dark controls
(Figure 2.12). The mRNA level of RPT2 was not obviously higher in the concave side
of the apical hook, as would be expected from the GUS staining results, but given the
extensive background staining (likely a result of endogenous phosphatase activity) the
results are consistent with those obtained with GUS. Differences may also be due to the
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cumulative measurement of gene expression obtained by GUS staining, as opposed to
the snap-shot measurement offered by RNA in situ hybridization. Finally, the RNA in
situ hybridization is also potentially prone to cross-hybridization with the large family
of other NPH3-family protein-encoding mRNAs, and to background staining, while the
GUS staining shows the specific expression pattern of the promoter of RPT2 in seedling
apical morphogenesis.
We postulate that RPT2 is expressed preferentially in the concave side of the hook
including the shoot apical meristem, cotyledons and root in dark grown seedlings. The
spatial expression of RPT2 in the cotyledons and the shoot apical meristem agrees
well with its proposed role as a signaling factor in cotyledon opening, as shown by the
mutant study. RPT2 therefore may function to fine tune the speed of cotyledon opening
to prevent damage to seedlings caused by premature opening of the cotyledons. The
most dramatic change in the expression pattern of RPT2 was observed in the apical
hook. However, the hook opening of rpt2 null mutant is comparable to the wild type.
A potential explanation is that another gene performs also the function of RPT2 in hook
opening, therefore it is more robust to perturbation. It is also possible that RPT2 does
not control hook opening but rather functions as a sensor of the hook opening process
to signal the subsequent cotyledon opening. Besides, RPT2 has already been shown to
be involved in blue light induced root phototropism and stomatal opening in the leaf
(Sakai et al., 2000; Inada et al., 2004). This multiplicity of roles suggests that RPT2
acts downstream of photoreceptors to control differential cell expansion responses in
many different organs. Overall, it seems that the spatio-temporal changes in RPT2
expression are likely interpreted within the organellar and/or developmental context.
For the apical hook to open, the concave side of the hook has to show active elongation,
while the convex side of the hook has to show slower or no elongation. Cambial cell
division may also be asymmetric. Indeed, the Affymetrix study revealed that the ex-
pression profiles of the hook concave and the hook convex were distinct in FRc treated
seedlings. The hook concave genes highlighted active cell division and cell growth.
The hook convex genes are enriched with GO term “response to endogenous stimu-
67
lus”, mainly involved four genes similar to JASMONATE ZIM-DOMAIN 1 (JAZ1)
(Glyma11g04130, Glyma01g41290, Glyma17g05540, Glyma15g19840) (Table 2.5).
JAZ1 is an important regulator in JA signaling pathway. It interacts with JA responsive
transcription factors including bHLH family transcription factors e.g. MYC, to repress
JA signaling. When JA is present, JAZ1 is degraded through the ubiquitin proteosome
pathway, so the JA response happens (Niu et al., 2011). Interestingly, Glyma03g25280,
a bHLH transcription factor in the MYC family (phytozome v7.0 panther family anno-
tation), was also expressed higher in the convex side in our study (Table 2.5). Moreover,
the JA pathway has recently been shown to interact with phyA light signaling, via regu-
lating the stability of JAZ1. Specifically, JA pathway is required in part for FR induced
repression of hypocotyl growth (Robson et al., 2010). In our study, we speculate that
JAZ1 might be expressed higher in the hook convex in the etiolated seedling, to sup-
press the JA response and to help maintain the closed hook. In FRc, the JAZ1 protein
should be degraded, so that JA could signal an inhibition of cell growth in the hook
convex. However, we detected a higher level of JAZ1 mRNA in the hook convex than
hook concave even after 1 hour of FRc treatment. It is not clear yet whether the mRNA
level of JAZ1 in the hook convex is also down-regulated by FRc. The JAZ1 mRNA
level in Arabidopsis whole seedling though has been reported to increase under FRc
(Robson et al., 2010). Even a down-regulation does happen in this case, 1h FRc might
not be long enough so a higher level of JAZ1 mRNA in the hook convex could still be
detected in this study. A QRT-PCR experiment to test the mRNA level of JAZ1 in the
apical hook convex/concave in both darkness and FRc could help to clarify this issue.
2.3.3 Novel regulatory factors in photomorphogenesis
Several more genes of interest were identified from the organ-specific regulated gene
list and the organ-specific expressed gene list, further study of which may lead to a bet-
ter understanding of seedling de-etiolation. Glyma02g42500 encodes a protein similar
to ESK1/AT3G55990 (67% identity and 83% similarity), which is a negative regulator
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of cold tolerance in Arabidopsis (Xin et al., 2007) (Table 2.2). ESK1 contains a con-
served domain of unknown function (DUF) 231. In our study, Glyma02g42500 was
repressed significantly by 1h FRc (Table 2.1), indicating that cold-tolerance was likely
induced by FRc. The possible adaptive value of crosstalk between the cold tolerance
and light regulation responses has been reported (Franklin and Whitelam, 2007). An
increased FR: R ratio (as a result of FR being preferentially transmitted from low-angle
sunlight) may indicate a shorter day length and longer twilight period as winter ap-
proaches (Franklin and Whitelam, 2007). Therefore, induction of cold tolerance genes
by FRc may help plants prepare for winter. In the case of germination and seedling
establishment, as our study imitates, a higher FR:R ratio may be an indicator that ger-
mination happens in a period of low-angle sunlight where cold tolerance is required
for the plants to survive. Interestingly, another gene Glyma02g04170 containing a
DUF231 domain is also down regulated by 1h FRc in our study (Table 2.1&2.2). The
significant selection advantage to be gained by early germination and establishment
(e.g. canopy penetration) could have lead to the development of interaction between
cold acclimation and light adaptation responses during evolution.
Another interesting finding is that Glyma09g05180, regulated by FRc specifically in
the apical hook (Table 2.1; Figure 2.2 and Figure 2.4), encodes a cullin1-like pro-
tein (CUL1-like). The soybean CUL1-like protein shares 82.7% identity and 96.1%
similarity with AtCUL1 (AT4G02570) by protein-protein Smith-Waterman alignment.
CUL1 is a key subunit of the ubiquitin protein-ligase (E3) complex SCF (SKP1-CUL1-
F-box), which specifies the substrate proteins for 26S proteasome in the ubiquitin/26S
proteasome pathway (Pintard et al., 2004). SCF complex-associated protein degrada-
tion controls the turnover of important regulatory proteins in light signaling, including
the light receptors (Dieterle et al., 2001; Harmon and Kay, 2003; Wei and Deng, 2003;
Franklin et al., 2005). An Arabidopsis mutation in CUL1 was reported to show hy-
persensitivity to far-red light and delay in phyA degradation in response to far-red light
(Quint et al., 2005). In addition, the SCF complex was also shown to degrade AUX/IAA
proteins under auxin stimuli (Gray et al., 2001). Auxin is known to play a key role in
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apical hook maintenance (Liscum and Reed, 2002; Zdnkov et al., 2010; Vandenbusshe
et al., 2010). Therefore, CUL1 may be involved in the apical hook opening processes
either by targeting photomorphogenic regulators for degradation, or recruiting auxin-
responsive factors for degradation. It may also act as a cross-talk point for hormone
pathway and light signaling pathway in the apical hook opening process.
2.4 Conclusion
Taken together, our data demonstrate that the transcriptional responses to FRc that oc-
cur within 1h of illumination are organ specific and developmentally regulated. The
expression of several genes shows a light response specific to one or more organs,
in addition to the many genes showing tissue-specific expression. Thus, even studies
of early signal-transduction events in phytochrome signaling should be informed by
the knowledge that the transcriptional networks and cascades mediating photomorpho-
genesis are likely to be distinct in different plant tissues. We have demonstrated that
organ-specific profiling can be helpful in predicting the morphogenic roles of genes
involved in spatially-controlled developmental processes, and that organ-specific genes
regulated by a light stimulus can be correlated with a distinct subset of known cis-
regulatory elements.
2.5 Methods
2.5.1 Plant material and light treatment
For the microarray experiments, etiolated soybean seedlings (Glycine max cv. Williams
82) were first surface sterilized in a solution of 5% Clorox and 0.1% Tween 20 for 10
minutes, and then grown hydroponically in water, with sterile glass beads as the solid
matrix, in transparent Magenta boxes at 20C in darkness for 8 days. Seedlings were
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irradiated with FRc (peak 733nm) generated by Snap-Lite Light Emitting Diode arrays
(Quantum Devices, Inc, Barneveld, WI). The FRc irradiation was given at 24.7 umol
m-2 s-2 for one hour. FRc treated samples were harvested and immediately frozen
in liquid nitrogen at one hour after the start of irradiation. Dark control samples were
harvested at the 0h time point, before the beginning of the irradiation. Plant material for
the QRT-PCR experiment, Affymetrix array experiment and RNA in situ hybridization
was prepared under the same conditions except that seedlings were grown in compost
(Sunshine Mix LC1).
For the phenotypic study of rpt2, two lines, rpt2-1(Sakai et al., 2000) and rpt2-101
(CS91521 from the Arabidopsis TILLING project; Till et al., 2003) were used. All
genotypes were verified with PCR amplification with gene-specific primers and se-
quencing through the putative SNP region. rpt2-1 was compared to its background
accession Landsberg erecta (CS20 from ABRC), rpt2-101 was compared to its back-
ground accession Col er 105 Big Mama (CS89540). The seeds of mutants and their
controls were surface sterilized by means of chlorine gas sterilization, then planted on
1/2 MS agar plates and stratified for 5 days in darkness at 4C. Then plates were treated
with 120umol m-2 s-1 white light for 3 hour to synchronize germination. Seeds were
kept in dark for 72 hours to germinate, then treated with 10 umol m-2 s-1 FR light for
24 hours (for rpt2-1 the treatment continued to 27 hours). Pictures of seedlings were
taken repeatedly of the same plants every hour or once every three hours under green
safelight (Cool fluorescent light through color effect filters 119, 116 and 101 (Lee fil-
ters)) for measurement of cotyledon opening and hook opening. At least 30 seedlings
of each genotype were included in each replicate of the experiment to increase the sta-
tistical power of the measurement. The mutant and its corresponding control lines were
planted in the same plate for reliable comparison and at least two plates are included in
each comparison for better replication. Experiments were repeated at least once to ver-
ify the results. The phenotype measurement of ago1-27 followed the same procedure
and Col-0 was used as the background accession.
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2.5.2 RNA extraction
For the cDNA microarray experiments, each seedling was frozen immediately in liquid
nitrogen and transferred to RNAlater-ICE (Ambion, Austin, TX) which was pre-cooled
to -80C. The purpose of this step was to fix samples while at the same time softening the
samples to facilitate dissection. Frozen, fixed seedlings were then dissected into cotyle-
don, hypocotyl and apical hook regions (roots were discarded). RNA was isolated from
the three different parts of an individual seedling in quadruplicates following the pine
tree method (Chang et al., 1993) except for some minor modifications: The homoge-
nization was performed using Ultra-Turrax T8 Homogenizers (IKA, Wilmington, NC)
at top speed for one minute; phase lock gel (Eppendorf, Westbury, NY) was used to
facilitate the chloroform:isoamyl alcohol extraction.
For QRT-PCR confirmation of the cDNA microarray data, pools of 8 seedlings were
harvested in triplicates from both dark control and one hour FR treated samples and
immediately cryofrozen in liquid nitrogen. Seedlings were dissected into cotyledon,
hypocotyl and apical hook regions on dry ice and then the same modified pine tree
method was used for RNA isolation.
For the Affymetrix array experiment, the 1h FRc treated apical hooks were flash frozen
in liquid nitrogen and transferred to RNAlater-ICE. The apical hooks were then dis-
sected into the hook convex and the hook concave tissues on ice. 8 hook convex tissues
or concave tissues were pooled together and the same modified pine tree method was
used for RNA isolation. The total RNA samples used in the QRT-PCR verification of
the Affymetrix array data were extracted with the same protocol, but from a different
batch of plant tissues collected in an independently conducted experiment (the same
plant tissues used in the small RNA profiling experiment described in Chapter III).
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2.5.3 Microarray
Pairwise comparison of FRc vs. dark was performed with the 18K soybean cDNA ar-
rays (Vodkin et al., 2004). Each set of the 18K soybean cDNA array contains two slides
18kA and 18kB; together they represent a low redundancy set of approximately 36,000
sequenced cDNAs. Three two-color pairwise comparisons, each for one organ, were
carried out between FRc treated samples and dark control samples in quadruplicates
(Figure 2.1). Each biological replicate was a total RNA sample extracted from one dis-
sected organ from one single seedling. By examining the expression profile of a single
seedling we expected to detect gene regulation events consistent among all individuals.
In contrast, significant changes due to a small number of responsive individuals in a
pool of seedlings could cause false significant fold change of gene expression level.
A dye-swap was included in the experimental design to control for the possible bias
caused by labeling methods. The 3DNA Array Detection Array Kit (Genisphere Inc,
Hatfield, PA) was used for cDNA synthesis, labeling and microarray hybridization.
The 3DNA Array Detection Array 900 Kit was used for labeling RNA samples from
the apical hook and hypocotyl, and the Array 50 Kit was used for the cotyledon sam-
ples, because the Array 900 kit affords better sensitivity for samples where mRNA is
limiting (due to the limited amount of total RNA one can extract from the apical hook
or hypocotyl from one single seedling), at the expense of higher noise levels. Arrays
were scanned with a Packard ScanArray Express scanner (PerkinElmer life sciences,
Waltham, Massachusetts) to generate the false color array images. Images were then
processed with Genepix Pro 4.0 (MDS Analytical Technologies, Concord, ON) to gen-
erate Genepix Results files (which contain general information on image acquisition
and analysis, as well as the raw data of channel F635 (for Cy5) and channel F532 (for
Cy3) extracted from each individual feature). F635 Median and F532 Median were
used for the data analysis: A Perl script merge.pl was obtained courtesy of Dr. Min Li
and Dr. Steven Clough (USDA-ARS and University of Illinois) and adapted to extract
F635 median and F532 median values from the GPR files and perform data prepro-
cessing including removing empty/blank spots and low expression features. Data was
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normalized using GLOWESS in the MAANOVA package, part of the Bioconductor
package for the R computing language and environment, to generate normalized rel-
ative expression matrices (R Development Core Team, Vienna, Austria). Expression
levels of each gene were then compared between dark control and FR treated samples
in individual organ in order to determine which genes showed statistically significant
changes, by using the rank product analysis method (Breitling et al., 2004) at a false
discovery rate cutoff of 5%. The above-described analysis methods were automated
using an in-house Perl script, which carries out the entire data analysis pipeline au-
tomatically from GPR files to rank product statistical analysis. In order to refine our
analysis to those transcripts showing strong changes in expression that are likely to be
biologically significant, only genes showing expression changes greater than 2-fold that
were also statistically significant were defined as “FR-responsive genes”.
Organ-specific gene expression was determined using an alternative approach with sin-
gle channel data (F635 median and F532 median). Single channel information repre-
senting median gene expression level from cotyledon, apical hook and hypocotyl were
compared across organs in both dark-grown seedlings and FRc treated seedlings (Fig-
ure 2.1). Raw data were first preprocessed to remove empty/blank spots and flagged
data. Normalization across all channels was then performed by first multiplying each
channel by a specific constant to make the mean intensity the same for each individ-
ual channel, and then converting to base 2 log values. Another Perl script was written
and used to remove spots with expression value less than the negative control before
submitting the data for differential expression analysis. Genes that are significantly
more highly expressed in one organ compared to the other two organs were defined as
“organ-specific genes” by the rank product method (FDR < 5%, FC cutoff: 4-fold).
The comparison of hook convex and hook concave tissue in FRc-induced de-etiolation
was performed with GeneChip Soybean Genome Array (Affymetrix, CA). Total RNA
samples from 1h FRc treated hook concave tissue and 1h FRc treated hook convex
tissue were compared using three biological replicates, where each biological replicate
was a total RNA sample extracted from a pooled of 8 seedlings. The array hybridization
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and scanning was performed by Keck Center (UIUC). The raw data was summarized
and normalized by GCRMA2.0 (bioconductor.org), and differentially expressed genes
were identified by rank product method (FDR < 5%, FC cutoff: 2-fold).
2.5.4 Microarray annotation
A combination of the soybean gene index (GMGI release 12, Quackenbush et al.,
2001) and the predicted gene models of soybean chromosome scale assembly (Schmutz
et al., 2010) followed by BLASTX of these sequences against the TAIR8 database
(www.arabidopsis.org) and the plant protein database (http://www.ncbi.nlm.nih.gov/)
was used to generate additional annotation for the 18k cDNA microarray. The same an-
notation process was performed to annotate the probes on Genechip soybean genome
array (Affymetrix). AgriGO (bioinfo.cau.edu.cn/AgriGO) was used to analyze over-
represented GO terms in the hook convex genes and hook concave genes. The fol-
lowing parameters were used: (1) hypergeometric test; (2) Hochberg FDR control; (3)
FDR cutoff 0.01; (4) Soybean Affymetrix Genome Array as the reference.
2.5.5 Quantitative real-time reverse transcription PCR
QRT-PCR was performed to verified organ-specific gene regulation and gene expres-
sion identified in cotyledons, apical hook and the hypocotyl. Primers for QRT-PCR
were designed using Primer Express v2.0 (Applied Biosystems, Foster City, CA) based
on the soybean EST sequences corresponding to cDNA microarray probes and were
then used to search against the JGI soybean chromosome scale assembly (Soybean
Genome Project, DoE Joint Genome Institute) to ensure the specificity of the primers.
Four control genes derived from the microarray probes, ubiquitin (Glyma20g27950),
α-tubulin (Glyma04g09350), β-tubulin (Glyma04g02610) and Histone H3.2 Minor
(Glyma14g40590) were chosen from the microarray as candidate reference genes be-
cause they showed relatively constant expression between different light conditions
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in the microarray data (data not shown). Phosphoenolpyruvate carboxylase (PEPC,
Glyma13g36670) was chosen as an additional candidate reference gene, specifically
for organ-specific gene verification, because it has been shown to be expressed con-
stantly across different tissue types (Tuteja et al., 2004). These five candidates were
tested for their stability in expression level across three organs in both FRc and dark
conditions using QRT-PCR. Histone H3.2 Minor was chosen to be the reference gene
because it was most consistently expressed in different organs in both experimental
conditions among the five candidates (Figure 2.3). Residual genomic DNA was re-
moved from RNA sample using TURBO DNA-free (Ambion, Austin, TX). First strand
cDNA synthesis was accomplished using SuperScript III Reverse Transcriptase (In-
vitrogen, Carlsbad, California). QRT-PCR was performed using Brilliant SYBR Green
QPCR Master Mix (Stratagene, La Jolla, CA) and Mx3000P QPCR system (Stratagene,
La Jolla, CA). Amplification efficiencies of all tested genes including reference candi-
dates were determined by dilution series. QRT-PCR products were analyzed using 3%
agarose gel electrophoresis to ensure specific amplification of a single product. Data
were analyzed using the 2-∆∆CT method with the experimentally determined ampli-
fication efficiency incorporated (Livak and Schmittgen, 2001). Additionally, analysis
with multiple reference genes was performed using the geNorm method (Vandesom-
pele et al., 2002). GeNorm analysis and results from the 2-∆∆CT method were directly
comparable (data not shown).
QRT-PCR was also performed according to the protocol described above, to confirm
the differential expression of ATHB20-like gene in the apical hook identified in the
Affymetrix array assay. Four biological replicates, where each replicate consisted of
a total RNA sample extracted from a pool of 8 seedlings, were included in the com-
parison. Histone H3.2, PEPC, AW570472, BF071575 and BM954942 were chosen
as candidate reference genes and their expression levels in the hook convex and hook
concave of 1h FRc treated seedlings and dark control samples were examined by QRT-
PCR. BF071575 was selected as the reference gene because it showed the smallest
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variation in expression level between the hook concave and hook convex in either dark-
grown seedlings or light treated seedlings.
2.5.6 Promoter motif analysis
Promoter motif analysis was performed using promoter motif analysis tools, Sift and
Elefinder, to search for over-represented cis-regulatory elements in the promoters of
co-regulated genes (a co-regulated gene set is a group of genes regulated by FRc in
the same manner e.g. same organ or same direction) identified by the cDNA microar-
ray experiments (Hudson and Quail, 2003). The abundance of motifs in the promoters
of co-regulated genes was compared with the abundance of motifs in the promoters
of all probes in the soybean cDNA microarray using the hypergeometric distribution
combined with false-discovery rate control at 5% to identify over-represented mo-
tifs. The extraction of promoter sequences of soybean genes was facilitated by the
Soybean Genome Project Glyma 1.0 gene set and the soybean chromosome-scale as-
sembly (Soybean Genome Project, DoE Joint Genome Institute). The EST sequences
of cDNA microarray probes were used to search against Glyma 1.0 predicted gene
models by BLASTN (e-value cutoff: 1e-10, identity >=95%). The resultant top hits
are the corresponding predicted gene models of cDNA microarray probes (named the
31k set herein as it contains about 31,000 transcripts). An in-house Perl script was
used to extract 2kb upstream genomic sequence from the starting site of each mRNA
in the 31k set. The promoter sequences of co-regulated genes were compared with
the promoter sequences of 31k set using Sift (Hudson and Quail, 2003) to identify
any significantly over-represented motifs with the size of 6nt to 9nt, and Elefinder
(http://stan.cropsci.uiuc.edu/tools.php) to search for significantly over-represented mo-
tifs that have been reported before.
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2.5.7 GUS staining assay
The Arabidopsis pRPT2::GUS line was produced and kindly provided by Dr. Tatsuya
Sakai (Inada et al., 2004). The seeds were first surface sterilized by chlorine gas steril-
ization, then planted on 1/2 MS agar plates without sucrose and stratified for 4 days in
darkness at 4C. Seeds were then treated with 120umol.m-2.s-1 white light for 2 hours
to synchronize germination. Seeds were kept in darkness for 72 hours at 20C to ger-
minate, and then treated with 20umol.m-2.s-1 FR light for 24h while the dark controls
were still kept in dark. After 1h, 4h, 10h, 15h, 20h and 24h of FRc treatment, the
GUS staining were performed with FRc treated seedlings with a protocol previously
described (Campisi et al., 1999). Dark controls were collected and stained at 0h and
24h. Both dark controls showed very similar staining pattern and only dark the 0h data
was presented in the thesis. The staining was stopped after 3h. Photomicrographs were
taken in whole-mount bright-field and phase contrast illumination.
2.5.8 RNA in situ hybridization
To clone the cDNA of Glyma18g05720 (GmRPT2L), a pair of primers, (5’-ATGCTAGT
GGCAAAGAGCAAC-3’) and (5’-CTAAGACATAGAGAACCTTCTCCTTCT-3’) were
ordered from Integrated DNA Technologies (www.idtdna.com) targeting the predicted
transcription starting site and stop codon of the GmRPT2L gene. The Glyma18g05720
cDNA was amplified from a soybean cDNA library made from 7 days old etiolated soy-
bean seedlings using HybriZAP 2.1 Two-Hybrid System (Stratagene, CA), and then
cloned into pGEM-T easy vector (Promega, WI). The construct was sequenced and
proved to match the predicted cDNA sequence of Glyma18g05720. The construct was
then linearized separately with PmeI (New England Biolabs) for transcribing the an-
tisense probe or NotI (New England Biolabs) for transcribing the sense probe. The
antisense probe was transcribed with T7 transcriptase to generate a 1647bp DIG la-
beled RNA probe. The sense probe was transcribed with T3 transcriptase to generate
a 1648bp DIG labeled RNA probe. Both sense and antisense probes were carbonate
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hydrolyzed to generate approximately 200bp fragments. Antisense and sense probes
were tested by spot hybridization to ensure that they had comparable DIG incorporation
rates. Soybean hooks (both dark grown and 1h FRc treated) were collected as described
in section 2.5.1. RNA In situ hybridization was performed according to a standard pro-
tocol (carnegiedpb.stanford.edu/research/barton/in situ protocol.html) except for a few
modifications: the time span of each solution exchange step in the tissue dehydration
and embedding was extended to 4h, due to the difficulty of penetrating thick and epicu-
ticular wax-coated soybean tissues; hybridization was carried out at 50C for 48 hours;
1:2500 of AP-anti-DIG antibody were used to detect the hybridization; and slides were
mounted in permanent mounting medium Euparal (BioQuip, CA) for observation and
bright-field photomicrography.
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CHAPTER 3
ORGAN-SPECIFIC SMALL RNA
REGULATION IN FAR-RED LIGHT
INDUCED PHOTOMORPHOGENESIS
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3.1 Introduction
Photomorphogenesis is both a developmentally preprogrammed process and a response
to environmental stimulus. The photomorphogenic response involves distinct and timing-
sensitive morphological changes of different organs of a young seedling to maximize
the usage of available resources and to improve the chance of survival. Photomor-
phogenic gene regulation is therefore highly tissue specific and involves rapid changes
in gene expression. In chapter II, we showed that distinct genes were regulated in the
cotyledons, apical hook and hypocotyl in response to a one-hour continuous far-red
light (FRc) treatment. Even within the apical hook, the hook concave and hook con-
vex displayed different gene expressions after 1h FRc treatment, which agrees well
with their distinct, even opposite roles during light induced hook opening (see section
2.2.5).
Small RNA, especially miRNA, has been shown to play an essential role in regulat-
ing plant development (Chen 2010). In plants, miRNA are typically 20-22nt small
RNAs produced from fold-back transcript structures encoded by conserved miRNA
genes (Kidner and Martienssen, 2009). During miRNA biogenesis, at first a miRNA
gene is transcribed to produce pri-miRNA. The pri-miRNA then folds into an imperfect
stem-loop structure. DICER-LIKE 1 (DCL1) protein works with other factors to splice
pri-miRNA to pre-miRNA, which contains the stem-loop structure. DCL1, sometimes
DCL4, further excises the pre-miRNA structure to release the miRNA/miRNA* duplex.
The miRNA/miRNA duplex is then methylated and loaded into RISC, to direct cleav-
age or translational repression of the target mRNA. So far, known miRNAs are largely
involved in the regulation of genes playing important roles in modifying development
such as leaf polarity, gamete formation, and flowering (Chen 2009&2010; Laubinger
et al., 2010).
The microRNA miR166 is an example of a miRNA involved in multiple developmental
controls. Arabidopsis miR166 targets HOMEODOMAIN-LEUCINE ZIPPERIII (HD-
ZIPIII) transcription factors, including PHABULOSA (PHB), PHAVOLUTA (PHV),
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CORONA (CNA), ATHB15, and REVOLUTA (REV) (Williams et al., 2005). The HD-
ZIPIII genes regulate many aspects of plant development (Ariel et al., 2007). Mi-
croRNA 166 has been shown to be expressed in multiple tissues to shape the pattern-
ing of HD-ZIPIII transcripts to determine cell fate (Jung and Park 2007; Williams et
al., 2005). In Arabidopsis, miR166 has been shown using a GUS reporter to be ex-
pressed in the shoot apical meristem (Jung and Park, 2007). An over-expression line
of miR166 showed enlarged shoot apical meristem domes and defective architecture
(Williams et al., 2005; Jung and Park, 2007). miR166 is also expressed in the vascular
system and affects vascular patterning (Jung and Park, 2007; Zhong and Ye, 2007). In
maize, miR166 was shown to be involved in the abaxial/adaxial cell fate determination
of young leaves. The expression of targeted HD-ZIP III genes was observed higher
in the adaxial side of young leaves in the shoot apical meristem, while the expression
of miR166 was detected in the abaxial side of young leaves in the shoot apical meris-
tem. This differential expression pattern is required to specify the adaxial cell fate in
maize leaves. More intriguingly, the gradient of miR166 in the leaf is proposed to be
affected by a gradient of ta-siRNA generated from the TAS3 locus (Juarez et al., 2004;
Nogueiral et al., 2007). Finally, miR166 is also expressed in the reproductive organs,
and an over-expression line of miR166 shows floral defects (Jung and Park, 2007).
In Chapter II, we showed that AGO1 mRNA was expressed at higher levels in the apical
hook, and that an Arabidopsis mutant line carrying a reduced-function allele of AGO1
displayed deficiencies in de-etiolation. This result highlighted the possibility of a role
for small RNA in regulating photomorphogenesis, since rapid down-regulation of gene
expression is a known feature of this process (Tepperman 2001). To further investigate
this problem, we compared the small RNA expression profile of soybean seedlings
(Glycine max cv. Williams 82) exposed to FRc for one hour with dark grown seedlings,
using next-generation sequencing techniques, in a similar experimental design to that
used in Chapter II. In this experiment, we dissected soybean cotyledons, the concave
region of the apical hook, the convex region of the apical hook, and the hypocotyl tis-
sues, to detect small RNA regulated by FRc at the organ level. The hook was dissected
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into the convex and concave portions since it was established in Chapter II that the
hook concave and hook convex regions have distinct morphological changes and gene
expression during de-etiolation. By associating the light-responsive small RNA regu-
lation with the light responsive mRNA regulation at the organ level, we hope to gain
knowledge of a new level of regulatory control of the organ-specific transcriptomic
regulation in photomorphogenesis.
3.2 Results
3.2.1 Overview of the small RNA profiles in soybean seedlings
Small RNA extracted from the cotyledons, hook concave side, hook convex side and
hypocotyl of 7 days old dark grown soybean seedlings and seedlings treated with one
hour continuous far-red light (FRc) was sequenced using the Illumina GAIIx. Eight
to fifteen million reads were generated from eight libraries, each generated from pools
of four biological replicates. The raw reads were preprocessed and then aligned to
the soybean tRNA and rDNA databases. Between 25% and 55% of total small RNA
reads from these libraries mapped to tRNA or rDNA databases (Figure 3.1). The two
cotyledon libraries, constructed from the cotyledons of the dark grown seedlings (here-
after referred to as “dark cotyledon”) and cotyledons of the 1h FRc treated seedlings
(hereafter referred to as “FR cotyledon”), had a higher percentage of small RNA reads
mapped to rDNA (approximately 55% of the total reads). These rDNA and tRNA
mapped reads were removed from further analysis because they are unlikely to be rele-
vant to the miRNA and siRNA regulation being investigated in this study. The remain-
ing reads were aligned to the JGI soybean genome assembly (v5.0) using Novoalign
(http://www.novocraft.com/) allowing only perfect matches. 68%-91% of the reads, i.e.
1.7 million to 9 million reads representing 0.5 million to 2.5 million unique sequences
across the eight libraries, mapped to the soybean genome without any mismatches
(Figure 3.2). Allowing three mismatches in each read increased the total percentage
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of mapped reads by 2.3%-3.6% (Figure 3.2). A small portion of the remaining non-
mapped reads aligned to the plastid genome (Figure 3.2). Finally, 6.0% to 25.4% of the
reads did not map to either the nuclear genome or the plastid genome even with relaxed
stringency (Figure 3.2). Those reads may represent small RNAs generated from regions
of the genome that are missing in the final assembly (such as certain highly repetitive
regions) or could be a result of poor sequence quality or contamination. The cotyle-
don libraries are distinct from the hook and hypocotyl libraries in that they have more
rDNA-derived small RNAs, more reads mapped to the chloroplast genome, and more
unmapped reads potentially from the highly repetitive genomic regions not present in
the current assembly. The cotyledons are the major photosynthetic organs in the young
seedling, therefore it is not surprising to observe that a greater number of reads from the
cotyledon libraries mapped to the chloroplast genome. Overall, the great majority of
the reads from each library mapped to the soybean genome assembly perfectly. Those
reads were used for the differential analysis.
The size distribution of small RNAs is informative of their functions and hence was
investigated. The 21nt and 24nt classes of small RNA are the most abundant classes
across all libraries (Figure 3.3). Interestingly, a distinguishable 21nt to 24nt ratio was
observed across different tissue types. The 21nt small RNA was the most abundant
class in the cotyledon libraries, with a 21nt to 24nt ratio of 1.93 in the dark library and
1.91 in the FR library. In contrast, the 24nt class was the most abundant in the dark and
FR hypocotyl libraries, with a 21nt to 24nt ratio of 0.81 and 0.67 respectively. Across
the four hook libraries, the dark libraries showed a similar result to the hypocotyl li-
braries, with the 24nt class as the most abundant class (21nt to 24nt ratio of 0.71 and
0.75 for hook concave and hook convex respectively), while, interestingly, the FR li-
braries had almost equal amount of 21nt and 24nt species (21nt to 24nt ratio as 0.98
and 1.07). To the best of our knowledge, most miRNAs belong to the 21nt class, while
the 24nt class mainly consists of heterochromatic siRNA (Chen 2010). This appears
to indicate that the miRNA class is induced in the apical hook by FR treatment within
one hour, but not in other parts of the seedling investigated, and that miRNA activity
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is higher in cotyledons than the other aerial parts of the seedling. It was also noted
that the proportion of 22nt small RNA is relatively constant across the eight libraries
(Figure 3.3).
The most abundant small RNA reads among the genome-mapped reads in the libraries
were also studied. The most abundant small RNA tags, whose abundance accounts for
more than 2% of the total abundance of each library, were selected. They collectively
represented a non-redundant set of the 4 highest expressed small RNA species in 7 days
old soybean seedlings. Based on sequence identity to the miRBase mature miRNA
database (Griffiths-Jones et al., 2008) using SSEARCH (p-value cutoff 0.001), those
small RNAs were identified as miR482, miR319, miR1510 and miR159.
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Figure 3.1: Small RNA mapping to soybean rDNA or tRNA sequences. The preprocessed
small RNA reads are first aligned to soybean tRNA and then rDNA allowing up to three mis-
matches per read. Non-aligned reads were later aligned to the soybean genome for further
analysis.
86
Figure 3.2: Mapping of small RNA to the soybean genome. Percentage of preprocessed, tRNA
and rDNA filtered small RNA reads that have perfect matches in the nuclear genome (dark blue),
map to the soybean genome with 1-3 mismatches (red), map to the chloroplast genome (green),
map to the mitochondria genome (purple) and not mapped to any of above (light blue) are
plotted for each library. Overall, greater than 68% of the preprocessed reads map perfectly to the
soybean nuclear genome. The cotyledon libraries have the highest percentage of chloroplast-
mapping and non-mapping reads.
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Figure 3.3: Abundance of genome-mapped small RNA classified by length (17nt to 36nt).
Abundance of genome-mapped small RNA classified by length (17nt to 36nt). The percentages of the
abundance of all genome-mapped small RNA reads with various lengths are plotted for each library.
21nt and 24nt are the most abundant classes across libraries, but the ratio of 21nt to 24nt is dependent on
tissue type and treatment.
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3.2.2 Identification of FRc responsive small RNA blocks at an organ
level
Functionally-related small RNAs can be grouped together based on the location where
they map to the genome. For example, siRNAs that are related to each other in function
and/or biogenesis are usually found in a dense cluster on both strands of a siRNA-
generating genomic locus (e.g. a transposon or a targeted gene) (Figure 3.4A). In con-
trast, a miRNA usually maps to a single 21 or 22nt genomic locus, together with a few
other highly similar small RNAs with different sizes of generally much lower abun-
dance, as well as a partially complementary miRNA* within approximately 200bp,
on the same strand of the miRNA gene (Figure 3.4B). In a comparison between two
libraries, individual siRNAs may be different between two libraries, while the overall
abundance of siRNAs from the cluster is not different, thus overall production of siRNA
from this locus is not changed. The biological function of siRNA is, thus, better rep-
resented by the small RNA cluster than the individual small RNA. Another advantage
of studying small RNA clusters is that the number of small RNA generating loci and
their distribution within a cluster could indicate whether the cluster is siRNA related
or miRNA related (figure 3.4). A proximity-based clustering algorithm was therefore
developed to group small RNAs whose genomic mapping loci are less than 500bp apart
to generate a “block” on the genome. Each of the blocks generated in this way is then
expected to represent a genomic region where potentially functionally-related small
RNAs are generated.
Using this algorithm, small RNA reads from the eight libraries were pooled and clus-
tered into 309,645 blocks on the 20 chromosomes of the soybean genome. The mean
length of the blocks is 2,621bp and the median is 575bp. The abundance of small
RNAs in one block was then summed to represent the small RNA expression value of
the block in one library, hereafter referred to as “block count”. When a given small
RNA maps to multiple genomic loci, the count of the small RNA was first divided by
the number of mapping loci, before being added to the block count. The block counts
of dark control libraries were then compared to the counts of FRc-treated libraries from
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the cotyledon, hook convex, hook concave and hypocotyl samples (Figure 3.5) to iden-
tify differentially expressed blocks using the Difference in Proportion (DIP) statistical
test. For a block to be differentially expressed (DE) between the dark samples and the
samples exposed to 1h FR light, our criteria are that the Bonferroni corrected p-value
computed by DIP should be less than 0.05, and the fold change of FR/dark or dark/FR
should be greater than 2-fold. With these criteria, 11 blocks were identified as being
regulated by FRc in the cotyledons, 57 in hook concave, 139 in hook convex and 25 in
hypocotyl (Table 3.1), consistent with the apparent differential regulation of small RNA
in the hook observed by comparing overall length classes. The small RNA expression
profiles of the hook concave sample were also compared to those of the hook convex
sample, leading to the identification of 4 blocks differentially expressed between the
hook convex and hook concave samples in darkness and 26 after FRc treatment (Table
3.1).
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Figure 3.4: Two example regions of the Arabidopsis genome visualized in Gbrowse2 to show a
typical siRNA block and a typical miRNA block. The Arabidopsis genome is used as an exam-
ple because the transposable elements and miRNA genes are better annotated than the soybean
genome. The position of the green bars on the genome indicates the small RNA mapping loci.
The height of the green bars represents the expression level (RPM) of the small RNA. A pos-
itive value indicates that the small RNA is mapped to the forward strand and vice versa. The
example siRNA generating block (A) contains small RNAs generated from both strands across
the block, likely associated with the repression of the transponson HARBINGER. The example
miRNA generating block (B) contains only two major small RNAs, miRNA and miRNA*. Both
small RNAs mapped to the same strand i.e. the transcribed strand of the miRNA gene locus.
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Figure 3.5: Linearity of block counts in pairwise comparisons. The base 2 logarithm of all
block counts (as reads per 10 million) of one library are plotted against another library in all
pairwise comparisons conducted in the study.
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3.2.3 Annotation of the FRc responsive small RNA blocks
The FR-responsive small RNA blocks identified were investigated with multiple ap-
proaches to characterize their potential biological functions. First, the abundance of
20nt to 24nt small RNA in each DE block was plotted by length (Figure 3.6). It was
noted that most of the DE blocks identified in the hypocotyl FR response are dominated
by 23/24nt small RNA (Figure 3.6B), while DE blocks identified from the comparison
of hook concave and hook convex under FRc are dominated by 20/21/22nt small RNA
(Figure 3.6F). The DE blocks identified from the other comparisons have compara-
ble numbers of blocks dominated by 20/21/22nt small RNAs and blocks dominated by
23/24nt small RNAs. Given that most microRNAs are 21nt in length, and the 23/24nt
small RNAs usually represent heterochromatic siRNAs, the length distribution of each
DE block is a strong preliminary indication of the role of a given DE block. The most
highly expressed small RNA from each block, hereafter termed the “key sequence”,
was used to search for similar sequences in miRBase (mirbase.org. Kozomara et al.,
2011). Meanwhile the genomic sequence surrounding the key sequence was extracted
to test whether it could fold into a canonical stem-loop structure of a miRNA precur-
sor. With these approaches, we hoped to identify known miRNA genes as well as novel
miRNA genes among the DE blocks. Finally, small RNA expression was visualized us-
ing Gbrowse2 (as in Figure 3.4), to determine whether the block resembled the expected
features of a miRNA gene or a siRNA generating locus, and whether the majority of
small RNAs in the block mapped to a protein coding gene or a transposable element
(TE). Using the approaches described above, most of the DE blocks were annotated as
either miRNA genes, protein-coding genes or transposable elements.
Known miRNA
The key sequence of each DE block was used to search against the miRBase mature
miRNA database using SSEARCH (p-value cutoff 0.01), and a few blocks ( 39%) had
significant hits. A 170nt region of genomic sequence centered at the key sequence of
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Figure 3.6: Abundance of small RNA with different lengths (20nt to 24nt) in the differentially
expressed blocks. The percentages of the abundance of small RNA with different lengths in
the differentially expressed blocks identified in pairwise comparisons are shown in heatmaps.
Each row represents a differential expressed block in the corresponding pairwise comparison
highlighted by the title of the heatmap. White indicates low abundance of small RNA with the
corresponding length and blue indicates high abundance.
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these DE blocks was extracted and tested for its potential for folding into a canonical
miRNA precursor foldback structure. A few blocks had significant hits in miRBase,
but failed to fold into a likely pri-miRNA structure. These might be homologous re-
gions of a miRNA gene that have lost their ability to fold. Alternatively, this could
be a false negative result due to the high stringency imposed on the foldback structure
(a threshold delta-G of -40 was required). If a clear foldback structure meeting our
criteria could be found from the locus, the key sequence matched a known miRNA,
and the predominant small RNA class is 20/21/22nt, the block was identified as mainly
consisting of a miRNA gene producing a known miRNA. The miRNA was then de-
termined to be responsive to FRc at an organ level, or expressed preferentially in the
hook convex/concave region, depending on the comparison where the DE block was
identified.
Using these criteria, we found that miR167 was down-regulated by FRc in the cotyle-
dons; miR394, miR396, miR530, miR1509 (two forms, a and b) and miR2218 were
up-regulated by FRc in the hook concave region; and miR166, miR394, miR396,
miR1508, miR1509 and miR2218 were up-regulated by FRc in the hook convex region.
Collectively, this suggests that miR394, miR396, miR1509 and miR2218 were up-
regulated in the apical hook by FRc; In the hypocotyl, miR168, miR166 and miR1507
(two distinct forms) were down regulated and miR167 was up-regulated by FRc (Ta-
ble 3.2). The comparison between the hook convex and hook concave of FRc treated
seedlings suggested that miR166 and miR1508 were expressed more highly in the hook
convex region than the hook concave region. No miRNA was found to be differentially
expressed between the hook convex and hook concave samples in darkness (Table 3.3).
Of particular interest was the finding that miR166 and miR1508 were up regulated by
FRc in the hook convex region, but not in the hook concave region. The miR1508-like
sequence detected in our study is 100% identical to gso-miR1508a from miRbase, but
slightly different from the previously documented Glycine max miR1508 in the miR-
Base (Figure 3.7A). The miR1508-like read has two perfect matching positions in the
soybean genome. Blocks built around the two matching positions showed very simi-
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lar small RNA expression patterns. Overall, the miR1508-like read appears expressed
in all tissues examined in this study but only up-regulated by FRc in the hook convex
tissue (Figure 3.7B). miR166 is a highly conserved miRNA across the plant kingdom.
The miR166-like sequence identified in our experiment is identical to the documented
Arabidopsis and soybean miR166 in the miRBase. The miR166 sequence has 19 per-
fect matching positions in the soybean genome. Blocks built around seven of them
were identified as specifically induced in the hook convex (one of those blocks was
shown in Figure 3.8A). However, although blocks were also built around the remaining
12 matching positions, those blocks failed to be selected in the differential expression
analysis as FR-responsive loci, because those 12 blocks feature a very abundant and sta-
bly expressed miR166*. This miR166* sequence is conserved among the 12 miR166
loci but not in the other 7 miR166 loci. The miR166* is higher expressed than the
miR166 in these loci, and is not different between dark and FRc treated samples, hence
masking the light responsive change of miR166 in the block counts. This result is not
an aberration caused by the weighing method, because the abundance of miR166* as
raw reads (31127 in the FR hook concave library) is already much higher than that of
miR166 (7924). Even more interestingly, six out of the 12 genomic loci are arranged
in tandem pairs at three independent locations in the genome (one example was shown
in Figure 3.9).
Overall, a few FRc responsive DE blocks were annotated as previously reported miR-
NAs. The key sequences of these blocks (Table 3.2 and Table 3.3) have high similarity
with known miRNAs. However, many of these genomic loci were not documented as
origins of miRNAs in miRBase. Therefore, new miRNA-generating loci have been
identified for known miRNAs during this process. Also, some of the key sequences are
of a different length, compared to the corresponding miRNAs in the database. There-
fore, they represent a novel form of the previously documented miRNA which might
play a slightly different role (e.g. a different spatial-temporal expression or functioning
as a trigger miRNA etc.).
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Figure 3.7: miRBase annotations, expression profiles and target prediction of a miR1508-like
small RNA. (A) The highest-expressed small RNA of the block Gm09.7539 shares high similarity to the
miR1508 sequence in miRBase. The score and e-value shown are generated by SSEARCH. (B) Small
RNA expression profile of the Gm09.7539 block visualized by Gbrowse2. Each library was represented
by a horizontal track with the small RNA mapping loci (X axis) and expression levels (RPM, Y axis)
plotted. A positive expression level means the small RNA maps to the sense strand and vice versa. (C)
Predicted targets of the putative miR1508 sequence by psRNAtarget. The alignments show the nearly
perfect complementary between the miRNA and the predicted cleavage sites of the targets. The position
of the cleavage site within the gene (exon or UTR) are also shown next to the alignment. E represents
Expectation, a measurement of the alignment quality by psRNAtarget.
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Figure 3.8: Expression profiles and target prediction of miR166. (A) Small RNA expression
profile of the Gm10.10775 block is visualized with Gbrowse2. Each library is represented by a track.
In each track, the small RNA expression was displayed by their mapping loci (X axis) and expression
levels (RPM, Y axis). A positive expression level means the small RNA maps to the sense strand and
vice versa. miR166 is up regulated by far-red light (FR) in the hook convex region. (B) Predicted targets
of miR166 by psRNAtarget, and an example of high-confidence predicted targets. The three predicted
target transcripts share high similarity, shown by the multiple sequence alignment (partial). The target
site of miR166 is in a highly conserved region (the red box) and its nearly perfect complement with
miR166 is displayed.
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Figure 3.9: Expression profiles and target prediction of a miR166 locus. (A) A block on chromo-
some 8 contains miR166 genes, but is not in the far-red (FR) responsive block list, because the miR166*
is expressed at a higher level than miR166 such that it masks the change in miR166 level in the block
counts. Another interesting fact is that the block contains two miRNA166 loci in tandem.
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The search for putative novel miRNA
For those blocks whose key sequence does not have a hit in the miRBase mature
miRNA database, we still tested if they could be novel miRNA genes. A novel miRNA
block should meet the following criteria: (1) The strand-specific genomic sequence
around the key sequence could be fold into a stem-loop structure by UNAfold program.
Any positive foldback structure was then examined manually to ensure it resembles a
typical miRNA precursor. (2) The key sequence is 20-22nt in length. (3) A target could
be predicted for the key sequence. (4) The expression profile of small RNA generated
from the block should be visually checked using Gbrowse2 to ensure it resembles the
expression profiles of previously characterized miRNA genes. (5) The key sequence
should be expressed greater than 100RPM in at least one library. After applying those
criteria, no DE block passed as a putative novel miRNA gene.
siRNA: transponson or gene
After removing known miRNAs and putative novel miRNAs, the rest of the DE blocks
are most likely siRNA generating loci. We visualized those blocks in Gbrowse2 and
confirmed that they showed a similar pattern to siRNA generating loci. For some of
the siRNA blocks, it was possible to identify which genes/TEs the small RNAs map
to, based on the phytozome (www.phytozome.org) annotation (v5.0) of the soybean
genome. 7 out of the 57 FR responsive blocks identified in the hook concave and 36 out
of the 139 FR responsive blocks in the hook convex featured siRNA mapping to TEs.
These small RNAs are mostly 24nt in length, hence likely heterochromatic siRNAs
whose role is to repress transponson activity and maintain genome integrity. Interest-
ingly, they are almost all down-regulated by FRc. No DE block with TE-mapping small
RNA was identified among the FR responsive blocks identified in the cotyledons and
hypocotyl. Noting that there was a major increase of 21nt to 24nt ratio in the FR hook
samples compared to dark hook samples (Figure 3.3), the observed down-regulation of
heterochromatic siRNA by FRc could be caused by a sampling bias due to the increase
105
of 21nt small RNA. The DE blocks where most small RNAs mapped to a high confi-
dence gene are listed in Table 3.4. These small RNAs may be involved in regulating
the mRNA level of the corresponding gene, or might merely be degradation products of
aberrant mRNA molecules. Some blocks landed in genomic regions with little annota-
tion. They could be TEs that are not annotated, or may be sequences in the vicinity of
a gene or a TE where epigenetic modification is induced by the siRNA generated from
a linked locus.
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3.2.4 Target prediction of small RNAs and their regulation by light
In our study, we identified miRNAs that are regulated by FRc in various organs of
the soybean seedlings, and miRNAs that are expressed at higher levels in one side of
the hook in response to FRc. In addition, a few genes have different amount of siR-
NAs mapped to them in seedlings exposed to FRc compared to dark grown seedlings.
These siRNAs are likely down regulators of the mRNA levels of their target gene. We
therefore checked the corresponding expression levels of the putative targets of the dif-
ferentially expressed sRNAs, using our soybean cDNA microarray and Affymetrix data
(described in Chapter II).
The Affymetrix data represented the mRNA levels of genes in the convex and concave
side of the apical hook under continuous FRc (section 2.2.5). miR1508 and miR166
were shown to be expressed higher in the hook convex than concave in FRc (Fig-
ure 3.7&3.8). Target genes of miR1508 and miR166 were predicted by psRNAtar-
get (plantgrn.noble.org/psRNATarget/) and then manually filtered (Figure 3.7C&3.8B).
One of the three predicted targets of miR1508 and all three predicted targets of miR166
are represented on the soybean Affymetrix array. However, these targets do not show
significant difference between the two sides of hooks according to the Affymetrix data
(Figure 3.10).
The soybean cDNA microarray data contains information on the gene expression lev-
els of the cotyledons, apical hook, and hypocotyl in darkness and under FRc. Nine
miRNAs are differentially expressed in response to FRc in at least one of the three or-
gans: cotyledons, apical hook (as a whole) and hypocotyl in the small RNA sequencing
project. 49 putative mRNA targets were predicted for these 9 miRNAs by psRNAtarget
(Table 3.5). 29 of the 49 genes were represented on the soybean cDNA microarray.
However, in the organ that the miRNA was shown to be significantly regulated by FRc,
the putative targets do not show significant changes (Figure 3.11 and Figure 3.12).
Finally, to decipher the role of the gene-mapping small RNA blocks (Table 3.4), the
expression levels of corresponding (likely target) genes were also examined using the
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arrays. Again the number of genes examined was limited by whether they are rep-
resented on the soybean cDNA microarray and/or Affymetrix array, but overall, no
obvious correlation between the gene expression level and the small RNA expression
level was observed (Figure 3.13).
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Figure 3.10: Expression levels of predicted target genes of miR1508 and miR166 in the hook
convex and hook concave libraries in soybean seedlings exposed to one hour far-red light (FR).
The Affymetrix-array-derived (chapter II), normalized expression level of the predicted target
genes are plotted for the hook convex and hook concave array data, both from seedlings after
one our of FRc. Some target genes are represented by two probes in the array, which are both
listed. The error bars represent the standard error of the mean.
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Figure 3.11: Expression levels of predicted target genes of far-red light (FRc) responsive miR-
NAs in the cotyledons and hook. In each graph, the expression levels of the predicted target genes
of a FRc responsive miRNA (as shown in the title of each graph), derived from the soybean cDNA mi-
croarray experiment (section 2.5.3), are plotted in dark grown samples (blue) and FRc treated samples
(red), in the organ where the small RNA was identified to be significantly regulated. Some genes are
represented by multiple probes, which are all listed. The error bars represent the standard error of the
mean.
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Figure 3.12: Expression levels of predicted target genes of far-red light (FRc) responsive miR-
NAs in the hypocotyl. In each graph, the expression levels of the predicted target genes of a FRc-
responsive miRNA in hypocotyl (as shown in the title of each graph), derived from the soybean cDNA
microarray experiment (section 2.5.3), are plotted for dark-grown hypocotyl (blue) and FRc treated
hypocotyl (red). Some genes are represented by multiple probes, which are all listed. The error bars
represent the standard error of the mean.
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Figure 3.13: Relationship between the expression level of differentially expressed putative
siRNA and the mRNA level of genes they mapped to. The X-axis represents the log2 logarithm
of fold change of small RNA from the FR/dark comparison in either cotyledons or hypocotyl
(blue rhombus) or from the comparison of hook convex/concave in FRc (red square). Y-axis
represents the fold change of the target genes in the corresponding comparison according to
either the soybean cDNA microarray data (blue rhombus) or the soybean Affymetrix data (red
square). The genes involved in the comparison were labeled. More information about the genes
can be found in table 3.4. Glyma13g36840 was represented by two probes in the Affymetrix
array, so both were plotted. The error bars represent the standard error of the mean.
114
3.3 Discussion
MicroRNAs have been implicated in abiotic stress response previously (Lewis et al.,
2010). In our study, we showed that a few miRNAs are regulated by light at an organ
level, adding to the knowledge of miRNA-mediated plant response to environmental
stimuli. Some of the far-red (FR) responsive miRNAs are well characterized. miR167
is known to target Auxin Response Factors ARF6 and ARF8, to correct the patterning
of ARF6 and ARF8 expression domains in ovules and anthers (Wu et al., 2006). In our
study, miR167 was down-regulated in the cotyledons and up-regulated in the hypocotyl
in response to a one hour FR stimulus. This agreed well with an active expansion
of the cotyledons and an inhibition of growth in the hypocotyl during de-etiolation.
miR396 is also a conserved miRNA among the dicots and monocots. It targets six
Growth Regulating Factor (GRF) transcription factors which play a role in regulating
leaf growth by controlling cell proliferation (Liu et al., 2009; Rodriguez et al., 2010).
miR396 was up-regulated by FRc in both sides of the hook in our study. It is possible
that GRF transcription factors are regulated in the apical hook during the hook opening,
or instead, the regulation may occur in the leaf primordia that were contained within
the hook tissue in our dissections (the shoot apical meristem is contained within the
sample dissected as the “hook” region in this experiment). The implication of the role
of miR396 in de-etiolation is complicated by the discrepancy between a rapid expansion
of the apical zone in de-etiolation and an induction of miR396, which antagonizes
cell proliferation. It is also possible that the role of miR396 may not be relevant to
hook de-etiolation. Our study also suggested that two miRNAs, miR1508 and miR166,
were up regulated by FRc specifically in the hook convex sample. In Arabidopsis,
miR166 targets HD-ZIPIII genes which regulate many aspects of plant development,
including shoot apical meristem architecture (Williams et al., 2005; Jung and Park,
2007), vascular patterning (Zhong and Ye, 2007), leaf polarity (Juarez et al., 2004;
Nogueiral et al., 2007) and floral development (Jung and Park, 2007). An induction of
miR166 in response to FRc was observed in the hook convex in our study. It is possible
that miR166 and its target HD-ZIPIII genes are involved in the loss of polarity of apical
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hook. Or alternately, the activity of miR166 could happen in the shoot apical meristem.
The role of miR166 in apical hypocotyl photomorphogenesis seems very interesting but
more experimental evidence is required to clarify its implied role. In the future planned
experiments to clarify this, first the FRc responsive expression pattern of miR166 in the
hook should be confirmed by QRT-PCR. A GUS promoter fusion line could then help
to show the expression domain of miR166 in the apical zone in further detail (Jung and
Park, 2007). It would also be informative to study the photomorphogenic phenotype of
Arabidopsis carrying an over expressed miR166 allele (Williams et al., 2005; Jung and
Park, 2007).
MicroRNA and siRNA regulate their target genes by down-regulating mRNA levels
either by cleavage, translational repression or heterochromatic silencing. Therefore, an
induction of small RNA could predict a decrease of its target mRNA level. In Chapter
II, the expression profiles of soybean seedlings in response to FRc were examined in the
cotyledons, apical hook and hypocotyl using microarrays. The expression profiles of
the hook convex and hook concave samples were also examined in seedlings exposed
to 1h FRc. Therefore, expression levels of the targets of FRc responsive small RNAs
identified in the cotyledons, hypocotyl, and apical hook (regulated in both concave and
convex in the same direction) were examined using the soybean cDNA microarray data.
The targets of small RNAs differentially expressed in the hook convex or hook concave
under the FRc conditions were also examined using the Affymetrix data. To our sur-
prise, in both cases the predicted targets did not show significant change in the pairwise
comparison where their corresponding small RNAs significantly changed. This lack
of negative correlation could be caused by a few factors. First, only one biological
replicate was included in the small RNA profiling experiment, therefore, a relatively
high type I error is to be expected. Second, the target prediction by psRNAtarget is
far from perfect, mainly restricted by the quality and sequencing depth of the GmGI
Gene Index library used by the program. Third, the higher noise and possible cross-
hybridizations of the cDNA microarray likely lead to false negative results. Fourth, it is
unclear if the array hybridization technique could differentiate between intact mRNA
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and cleaved products, especially when the cleavage site is not within the probe. Finally,
the transcriptomic response to one hour light treatment is a dynamic process. While an
induction of a miRNA could be observed within one hour, the resultant down regulation
of the target might take longer to be observed.
In miRNA biogenesis, miRNA and miRNA* are partially complementary to each other
in the stem loop of the pre-miRNA structure. The double stranded RNA comprising
miRNA and miRNA* is then excised by DCL1, and the miRNA is methylated and
loaded into RISC to function as the regulator. The miRNA* on the other hand does not
have any reported function and should be degraded. However, in our study, we observed
more miRNA* reads than miRNA in the case of miR166. This could be the result of
miRNA* having a longer half-life in this context than the miRNA. The miRNA*, while
unstable, is not instantly degraded, while the miRNA, in the presence of an excess of
the target mRNA, could be consumed very rapidly to down-regulate its target genes.
Thus, this ratio is putative evidence of the miRNA being involved in mediating a very
rapid change in target mRNA level.
3.4 Conclusion
A few miRNA were shown to be regulated by far-red light within one hour at an organ
level in soybean seedlings, suggesting that miRNA is involved in regulating photomor-
phogenesis. Specifically, miR166, which targets HD-ZIPIII transcription factors, was
shown to be responsive to far-red light in the hook convex but not in the hook con-
cave sample. MicroRNA1508 also showed the same expression pattern as miR166.
The gradient expression of miR166 and miR1508 in the apical hook in response to
light suggests microRNAs may play a key role in the de-polarization of the apical hook
during development.
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3.5 Methods
3.5.1 Plant material
Glycine max cv. Williams 82 seeds were planted in Sunshine Mix LC1 at 25C in
darkness for 7 days. Seedlings were then irradiated with far-red light (FRc) (peak
733nm; 20 umol m-2 s-2) for one hour while the dark control seedlings were kept in
darkness. Both types of seedlings were then harvested in liquid nitrogen under green
safelight.
3.5.2 RNA extraction
Cotyledons, hook and hypocotyls of the FRc treated soybean seedlings and dark grown
seedlings were flash frozen in liquid nitrogen. The apical hooks where then transferred
to RNAlater ICE (Ambion) to allow further dissection into the hook concave and hook
convex without RNA degradation. Four total RNA samples, each extracted from a
pool of eight seedlings, were prepared by the pine tree method (section 2.5.2) for each
combination of tissue type and light condition. The four total RNA samples of the same
tissue type and light condition were then pooled in equi-molar amounts for small RNA
profiling.
3.5.3 Illumina sequencing reads preprocess
Eight RNA samples representing the transcriptomes of cotyledons, hook convex, hook
concave and hypocotyl in seedlings after 1h FRc treatment and dark grown seedlings
were submitted to the Keck center (UIUC) for small RNA sequencing library con-
struction and Illumina sequencing. The raw reads from Illumina sequencing were first
preprocessed using FreClu with default parameters (Qu et al., 2009) to remove low-
quality reads, trim adaptors, select reads with 17nt -35nt size, and correct for sequenc-
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ing error. In this process the read set was reduced to unique sequences with an associ-
ated abundance (counts). The preprocessed reads were then aligned to soybean tRNA
and rDNA databases using novoalign with t=30, which allows up to 3 mismatches
(http://www.novocraft.com/). The soybean tRNA sequences were downloaded from
GtRNAdb (Chan and Lowe, 2009). The soybean rDNA sequences were combined
from a few resources: the NOR of soybean genome (phytozome.org, Gm13:14785374
to 15674994), Rfam (Gardner et al., 2008) and Gmax.rDNA.scaffolds file from phy-
tozome V5.0. Only reads not mapped to tRNA or rDNA were kept for the further
analysis. The reads were mapped to the JGI soybean genome assembly (Schmutz et al.,
2010) using novoalign allowing only perfect matches (t=0). The genome-aligned reads
were used in the differential analysis which will be described later. The unmapped
reads from the last alignment (t=0) were then aligned to the soybean genome allowing
three mismatches (t=30). The reads that were still unmapped were then first aligned to
the chloroplast genome and then to the mitochondrial genome (phytozome V5.0).
3.5.4 Small RNA block building and counts calculation
A proximity-based clustering algorithm was developed so that if a small RNA maps
to genomic position X while another small RNA maps to genomic position Y, and the
distance between X and Y is not bigger than 500bp, a “block” starting at X and ending
at Y is created. The block building continues until the next neighboring small RNA
mapping locus is greater than 500bp apart. With this in-house script, blocks were built
along the genome, while each block represents a genomic region where potentially
related small RNAs are generated. We used 500bp as a cutoff, because it generated a
manageable number of blocks with a reasonable average block size among a few values
tested, and it was also used in a previous study (Lu et al., 2005). The perfectly matching
reads from the eight libraries were combined to build blocks on the 20 chromosomes. A
block count, which represents the small RNA expression level of each block in a library,
was calculated as the sum of the abundances of small RNAs belonging to the block. A
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weighing method was used for calculating block counts from repetitively mapped small
RNA: if a small RNA maps to multiple loci in the genome, the count of this small RNA
was first divided by the number of mapping loci before being added to the block count.
The genome-mapping loci based normalized counts, also called weighted counts in
this thesis, prevented over-counting of the expression level of repeat-mapping small
RNAs. Indeed, the block counts generated with the weighted counts displayed better
linearity in a pairwise comparison (Figure 3.5). In contrast, block counts generated
with un-weighted small RNA counts showed a greater skew in the x-y scatter plot and
the differential analysis, as evidenced by dominance of only down-regulated or only
up-regulated blocks in the pairwise comparisons.
3.5.5 Differential analysis
Block counts were compared between libraries as in the following pairs: FR cotyle-
don vs. dark cotyledons, FR hypocotyl vs. dark hypocotyl, FR hook convex vs. dark
hook convex, FR hook concave vs. dark hook concave, FR hook convex vs. FR hook
concave, and dark hook convex vs. dark hook concave. In each pairwise comparison,
Difference in Proportion method (DIP; Kal et al., 1999) was applied to select the blocks
with significant difference between the two libraries. The p-values generated by DIP
were corrected for multi-testing error by the Bonferroni correction, and any corrected
p-value lower than 0.05 was reported to be significant. A 2-fold cutoff was also applied
to select significantly regulated blocks. The DIP method features an internal normaliza-
tion and a preference for high expression level blocks, therefore a RPM normalization
and low expression filter were not performed prior to this analysis.
3.5.6 Annotation of FR responsive small RNA blocks
A few different approaches were taken to annotate the differentially expressed (DE)
blocks: (i) a PERL script was written to count the abundance of small RNA with dif-
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ferent sizes in a block. The small RNA size distribution of a block is informative in
differentiating heterochromatic siRNA and miRNA-generating blocks. (ii) The highest
expressed small RNA from each block, termed “key sequence” in the thesis, was used
to search against the miRBase mature miRNA database (Griffiths-Jones et al., 2008) us-
ing SSEARCH (Pearson and Lipman, 1988), to identify blocks potentially producing
known miRNA (p-value cutoff 0.01). (iii) A strand-specific genomic sequence (170bp)
around the key sequence was tested for folding into a hairpin structure using UNAfold
(Version 3.6, http://mfold.rna.albany.edu/) with the following criteria: dG is smaller
than -40; over 75% of the bases in the key sequence (predicted miRNA) should be
in the stem loop and the length of the complementary sequence (predicted miRNA*)
should not be more than 1.5 times the length of the key sequence; at last, no bases in
the key sequence or within 10 bases of its end can be in the complementary strand of
the stem loop i.e., the distance between a predicted miRNA and its miRNA* should
be at least 20 bases. (iv) The small RNA expression data generated in the study was
visualized in Gbrowse2.0 (http://gmod.org/) with phytozome V5.0 gbrowse annotation
(http://phytozome.org/). All DE blocks were visually checked using Gbrowse 2.0 to de-
termine whether they were siRNA-block-like or miRNA-block-like, whether the small
RNAs were from both strands or a single strand, whether the small RNAs within the
blocks mapped mostly to transposons or genes, and whether it could be a likely case of
cis-nat siRNA generation.
The target prediction of putative novel miRNA was done using psRNAtarget (plant-
grn.noble.org/psRNATarget/) against Glycine max (soybean) DFCI Gene Index (GMGI)
Release 15 using default parameters. The predicted targets were then mapped to soy-
bean gene models (phytozome v5.0) using BLASTN (e-value cutoff 1e-10, identity
percentage cutoff 90%). Annotation of the soybean gene models was generated as de-
scribed in section 2.5.4. The predicted target genes of miR1508 and miR166 were fur-
ther screened as follows: (A) The predicted target as a TC/EST sequence was aligned
to the soybean genome by BLAT, to see if the same gene model identified by BLASTN
was found; (B) In some cases, the target was discarded because the predicted cleavage
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site in the TC/EST sequence was not in the corresponding gene model, probably due to
sequencing or assembly error of the Gene Index project. (C) The position of the pre-
dicted cleavage site in the predicted gene model e.g. UTR or exon was investigated; if
the predicted cleavage site landed in an intron, the predicted target was discarded. And
(D) the strand specificity was checked to ensure that the miRNA sequence is nearly
complementary to the predicted transcripts (this was necessary because in some cases
the miRNA was predicted to target the antisense of the transcript, because the antisense
sequence was documented in the DFCI Gene Index project).
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CHAPTER 4
A REDUCTION IN 24-NT SMALL RNA IN
ARABIDOPSIS HYBRIDS MAY
CONTRIBUTE TO HYBRID VIGOR
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4.1 Introduction
Heterosis, also known as hybrid vigor, refers to the phenomenon that a F1 hybrid, pro-
duced from crossing two cultivars of a same species or two different species, displays
superior phenotypes compared to the inbred parents. Heterosis has important impli-
cations in crop production. Knowledge on the biological mechanism underlying the
heterosis phenomenon would be greatly helpful for crop improvement. In the light of
this, many studies have attempted to decipher the underlying mechanisms of heterosis,
including recent global gene expression profiling experiments comparing the mRNA
levels of the hybrids with the parents (Sun et al., 2004; Wang et al., 2006; Guo et al.,
2006; Meyer et al., 2007; Stupar et al., 2008; Hoecher et al., 2008; Pea et al., 2008;
Wei at al., 2009). However, due to the extreme complexity of the phenomenon, our
understanding of the causes and factors of heterosis is still far from enough to allow
modifying and enhancing the heterotic bonus in crop production (Charlesworth and
Willis, 2009; Birchler et al., 2010) (see chapter I, section 1.3).
In the last decade, the discovery of small RNA has increased our understanding of
many important biological problems. Small RNA has been proposed to be a possible
effector of the reported trans-regulation in hybrid gene expression (Swanson-Wagner,
2009). Small RNA is a class of short, regulatory RNAs with a size of 20-30 nt (Chen
2009&2010). There are two major types of small RNA in plants, miRNA and siRNA.
miRNA are typically 20-22nt small RNAs produced from conserved miRNA genes
with imperfect fold-back transcripts (Kidner and Martienssen, 2009). miRNAs target
specific mRNAs by near-perfect sequence pairing to direct transcriptional cleavage or
translational repression. siRNA are 21-24 nt small RNAs generated from endogenous
sources such as repeats and transposons, or exogenous source like transgenes and RNA
viruses. The great majority of endogenous siRNA are 24nt heterochromatic siRNA
whose role is to repress transposons and repeats by methylation to maintain the stabil-
ity of the genome (Chen 2009). Therefore, the reported association of epigenetic regula
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tion with hybrid gene expression (He et al., 2010) also makes it meaningful to in-
vestigate the role of 24nt heterochromatic siRNA in heterosis.
The expression patterns of small RNAs following hybridization has only recently been
investigated (He et al., 2010; Groszmann et al., 2011). Those studies, by implicating
small RNA in heterosis, added another level of regulatory machinery to the complexity
of this phenomenon although limited by the depth of the study. We propose that with
a well-replicated, in-depth, high-throughput small RNA profiling assay, we can add to
our understanding of the potential role of small RNA in regulating hybrid vigor. In this
study, we compared the global small RNA expression profile of Arabidopsis thaliana
(L.) Heynh reciprocal hybrids with their inbred parent cultivars Columbia (Col) and
Lansberg erecta (Ler). Arabidopsis has been described as an ideal model organism for
heterosis study (Barth et al., 2003). The genome of the Columbia accession is fully
sequenced (The Arabidopsis Genome Initiative, 2000), and ten years of annotation
work by the community makes the Arabidopsis genome one of the best annotated plant
genomes. In this study, a well-replicated small RNA profiling experiment allowed
the identification of genomic regions that differentially express small RNAs between
hybrids and their parents. A detailed characterization of those differentially expressed
genomic regions could shed light on the nature of heterosis.
4.2 Results
4.2.1 The generation and phenotyping of Arabidopsis hybrids
Two Arabidopsis accessions, Lansberg erecta (Ler) and Columbia (Col), were recipro-
cally crossed to produce the hybrids ColXLer (Col maternal, Ler paternal, abbreviated
to CL in this manuscript) and LerXCol (Col paternal and Ler maternal, abbreviated to
LC in this manuscript). Meanwhile Ler and Col were emasculated and manually selfed
to produce inbred parent lines LerXLer (LL) and ColXCol (CC). Inbred seed produced
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by manual selfing in this way acts as a control for artifacts of manual crossing. Ara-
bidopsis, when manually crossed, tends to show increased seed size and plant vigor,
probably as a result of fewer viable embryos per silique.
Both hybrids as well as their inbred parents were grown at 20C in short days. To
assess the level of heterosis, we compared rosette areas, rosette sizes, leaf numbers
and bolting time of the inbreds and hybrids. High-parent heterosis was observed in
both rosette area and rosette size in Arabidopsis hybrids at 52DAP (Figure 4.1A&B).
However, the number of leaves at 52DAP or the bolting time did not show high-parent
heterosis, but displayed a paternal effect (Figure 4.1C&D). The hybrids in this study
thus exhibited heterosis phenotypes in rosette size and area, and this is more likely to
be a result of increased overall plant size than of increased leaf number or more rapid
progression through developmental time.
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Figure 4.1: Measurement of heterotic phenotypes. 30-40 individual plants of each of the four
genotypes (inbred parents LerXLer, ColXCol and hybrids LerXCol, ColXLer) were measured
(except for bolting time where data from fewer plants are shown). A. Rosette area of the inbreds
and hybrids measured as the green leafy area from horizontal plane photo of plants on 52DAP.
B. Rosette sizes of the inbred and hybrid plants, measured as the sum of the lengths of the
longest leaf and second longest leaf at 52DAP. C. Number of leaves of the hybrids and inbreds
on 52DAP (leaf length >0.5cM). D. Bolting time of the four genotypes was measured. 5-7
plants were included in each measurement. The error bars represent the standard error of the
mean.
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4.2.2 Overview of the small RNA profiles in hybrids and inbreds
Both hybrids as well as their inbred parents were grown in short days until they reached
the 20-leaf stage (54DAP to 56DAP), when plants were harvested in N2 (l) for total
RNA extraction and small RNA profiling. The genotypes of all plants used for small
RNA profiling were confirmed using the SSR marker nga106 (Bell and Ecker, 1994).
We specifically investigated the global small RNA expression profiles of the central
meristematic region of hybrids and inbreds (Figure 4.2). As the central meristem is
programmed to develop into the reproductive organs, we hoped to capture important
genetic events leading to the high fertility of hybrids by comparing the small RNA
profiles in the central meristemic regions between hybrids and inbreds before the tran-
sition from vegetative growth to reproductive growth. Four biological replicates of the
hybrids (LC and CL) and three biological replicates of the inbreds (LL and CC) were
submitted to small RNA library construction and Illumina sequencing (Keck Center,
UIUC). Each biological replicate consists of an equimolar pool of four total RNA sam-
ples, each of which was extracted from a single plant. Two technical replicates were
performed for each biological replicate.
A total of 67 million raw reads were generated using the Illumina GAIIx for this ex-
periment. Raw reads, after adaptor trimming and preprocessing, were first mapped to
Arabidopsis rDNA and tRNA b novoalign (http://www.novocraft.com/). On average
30.49% of the total reads mapped to tRNA and rDNA, which is comparable with the
rRNA and tRNA content in other actively dividing Arabidopsis tissue (Lu et al., 2005).
Because small RNA generated from tRNA and rRNA are not likely to be relevant to the
small RNA processes that we are interested in, reads mapping to tRNA and rDNA were
removed from further analysis. After removing rDNA- and tRNA- related small RNA,
24nt small RNA is the most abundant small RNA species among all libraries (Figure
4.3A). A one way ANOVA test showed that there was no significant difference in the
small RNA size distribution among the hybrids and inbreds.
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Figure 4.2: Tissue used in the heterosis small RNA study. Arabidopsis plants at the 20-leaf
stage were harvested and cryofrozen in liquid nitrogen. The central meristemic part (indicated
by the black circle) was collected for total RNA extraction and small RNA sequencing, while
the leaves were collected for genomic DNA extraction and genotype confirmation by PCR.
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Remaining reads of each library were mapped separately to the Arabidopsis Columbia
genome (TAIR9, http://arabidopsis.org/) using novoalign and allowing only perfect
matches. On average, 85% of the reads from CC (Columbia) libraries mapped per-
fectly to the TAIR9 (Columbia) genome, while 61% of the reads from LL (Landsberg
erecta) libraries mapped perfectly to the TAIR9 genome (Figure 4.3B). This is expected
considering the known sequence variation between Ler and Col. Allowing three mis-
matches per read increased the percentage of reads mapping to TAIR9 by 7% for CC
libraries and 22% for LL libraries, but also lead to an increase in ambiguous mapping
since many more reads mapped to two or more sites in the genome. Therefore, only
perfect matches were used for further analysis. The average percentage of mapped
reads in the hybrids (LC and CC) was 75%, which was in-between the Col and Ler
parents (Figure 4.3B). On average 58% of the mapped reads mapped uniquely to one
genomic locus, while 41% of the mapped reads mapped to more than one locus in the
reference genome (Figure 4.3B).
A plant genome is composed of different components, e.g. gene space (further divided
into 5’-UTR, 3’-UTR, CDS and intron), transponsons and intergenic regions. Those
genomic components may play different roles in generating siRNAs. We therefore
determined the abundance of reads mapped to different categories of genomic features
according to the TAIR9 annotation (miRNA genes were not included). On average,
among the reads that mapped to at least one of the above genomic features, the greatest
portion of small RNA reads (63.35%) mapped to transposons, followed by 20.49% of
reads mapped to intergenic (Figure 4.3C). The rest of reads mapped to genic regions,
as 8.65% reads mapped to CDS, 5% mapped to introns, 2.07% and 0.43% mapped
to 3’-UTRs and 5’-UTRs, separately. Each of the genomic feature types comprises a
different proportion of the genome. Therefore, to study the production of small RNA on
a per-kilobase basis, counts of small RNA mapped to a given type of genomic feature
were normalized first to total mapped reads from the library, then to the total number
of base pairs of all genomic features of that type in the Arabidopsis genome. After
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accounting for the difference sizes of each feature type, the transposons generate the
most small RNA (about 17 small RNAs were generated from each kb of transposon in
every million reads), followed by intergenic regions, while the genic regions (3’ UTR,
5’ UTR, CDS and intron) generate much less small RNA (Figure 4.3D). In the genic
regions, the 3’ UTR produces the most small RNA, suggesting the gene-regulating
siRNA has a preference to target 3’UTR (Figure 4.3D).
4.2.3 Hybrid small RNA expression patterns
siRNAs that are related to each other functionally or in biogenesis are likely to be
found densely clustered on both strands of a siRNA-producing genomic locus (e.g.
a transposon or a targeted gene) (Lu et al., 2005; Figure 3.4A). In contrast, a pair of
miRNA and miRNA* are usually found located at two adjacent positions of the miRNA
gene in the coding strand, forming a “sparse cluster” (Lu et al., 2005; Figure 3.4B). It
is therefore informative to investigate small RNA in their genomic content with the
proximity-based algorithm described in section 3.2.2 and 3.5.4. Small RNA reads from
all four genotypes were pooled together to build a total of 56,654 blocks across the five
Arabidopsis nuclear chromosomes (Figure 4.4A), with block sizes ranging from 16bp
to 366,826bp (Figure 4.4B). The mean size of the blocks is 854bp, while the median
size is 181bp. Interestingly, in addition to the blocks on chromosomes, reads mapped to
the chloroplast or mitochondrial sequences clustered to form two blocks, each covering
almost the whole length of the organellar genomic DNA.
The small RNA expression level of each block was calculated as the sum of counts of
all small RNA reads mapping in the block, normalized to the total mapped reads from
the respective library (resulting in a figure in reads per million (RPM) hereafter referred
to as block counts). A mapping-locus-assisted weighing method was used to prevent
over counting of small RNAs mapped to multiple genomic loci (see section 3.2.2 and
3.5.4). Only blocks with expression levels greater than 5 RPM in at least one library
were included for the following differential expression analysis (represented by blue
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Figure 4.3: Size distribution and genome mapping of the small RNA. (A) Percentages of small
RNA reads (abundance) by size. (B) Percentages of small RNA reads (abundance) mapped to the ref-
erence genome. CC: ColXCo; LL: LerXLer; CL: ColXLer; LC: LerXCol. The numbers on the X-axis
differentiate the biological replicates. Two technical replicates were included for each biological repli-
cate. (C) Percentages of small RNAs (by abundance) mapped to different genomic components. The
mean of percentages across all libraries was plotted. (D) Average abundance of small RNA mapped
to individual genomic features. The abundance of small RNA mapped to each genomic feature was
first normalized to the total genome-mapped reads in each library and then to the length of the genomic
feature (RPKM). The error bars represent the standard error of the mean.
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dots in Figure 4.4B). First, a one-way ANOVA was performed to identify blocks that
are differentially expressed (DE) among the two inbreds and the hybrids (FDR con-
trolled at 5%, Benjamini and Hochberg, 1995), with the null hypothesis that that all
three classes (Col, Ler and the hybrids) are identical. Therefore, with the ANOVA, we
removed blocks that were not significantly different in at least one class relative to the
others. The ANOVA step also removed blocks with high variance among the biolog-
ical replicates relative to the variance between genotypes. Therefore, the DE blocks
identified by ANOVA represented the genomic regions whose small RNA expression
levels were significantly different in at least one of the genotypes relative to the other
two, such that a hybrid expression pattern can be assigned to those genomic regions,
as descirbed later. To study the parental effect as well as the hybrid expression pattern,
we did three sets of analysis. In set I, DE blocks among LL, CC and both hybrids (CL
and LC pooled together) were calculated. In set II, DE blocks that are significantly
differentially expressed among LC, LL (maternal parent), and CC (paternal parent)
were calculated. In set III, differentially expressed small RNA blocks among CL, CC
(maternal parent) and LL (paternal parent) were calculated. Overall, 361 blocks were
identified in set I, 106 DE blocks were identified in set II, and 133 DE blocks were
identified in set III (Table 4.1). Set I identified more DE blocks than the others proba-
bly because the number of replicates of hybrids doubled as the two reciprocal hybrids
were pooled together, thus increasing the statistical power.
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Figure 4.4: Number, size and block count of small RNA blocks. (A) Number of blocks on each
chromosome. (B) The average block counts (RPM) across libraries plotted against the block
size. The blue dots represent the blocks with more than 5RPM counts in at least one library i.e.
the blocks used for the differential analysis. The green dots represent the blocks that failed the
5RPM cutoff hence were removed from further analysis.
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To compare the small RNA expression level of hybrids to their inbred parents, d/a val-
ues (Stupar et al., 2008) were calculated for all DE blocks from the three sets of analysis
(Figure 4.5A &4.6). The d/a plot of set I, where both hybrids were considered, suggests
that the great majority of blocks show a d/a value between 0 to -1, with the highest peak
around -1 (Figure 4.5A). This indicates that for most differentially expressed blocks,
the small RNA levels of the hybrids are lower than the mid-parent value, with many
of them very similar to the low parent value. There is also a peak centered at d/a=0,
indicating that a group of small RNA blocks show an additive expression pattern. The
d/a plots of set II and set III, where either LerXCol or ColXLer was considered as the
hybrid in the ANOVA study, show very similar pattern (Figure 4.6). To study possible
paternal/maternal effects, parental d/a values were also calculated for set II and set III
(Figure 4.5B&C). Interestingly, the parental d/a plots suggest a minor maternal effect in
LerXCol and a minor paternal effect in ColXLer. It therefore seems like that the small
RNA expression level in hybrids is slightly more similar to Ler than Col, implying a
slightly higher number of dominant small RNA alleles in Ler.
Second, all DE blocks were assigned to one of the following expression patterns: mid-
parent like (MP), high parent like (HP), low parent like (LP), above high parent (AHP),
below low parent (BLP), between LP and MP, and between HP and MP (Figure 4.7A).
Mid-parent like expression pattern is also known as an additive expression pattern,
while the other patterns are collectively called non-additive patterns. The expression
pattern assignment was performed by t-test and d/a value as previously described (Stu-
par et al., 2006) (Figure 4.7A). More DE blocks fell into the non-additive category
(58% to 63%) than additive category (37% to 42%) (Figure 4.7B; Table 4.1). Among
all the non-additive DE blocks, a vast majority of them (72% to 78%) displayed a
low-parent-like pattern (LP) (Figure 4.7C; Figure 4.8A&B), followed by between mid-
parent like and low-parent like (17%-19%). Therefore, the vast majority of the non-
additively expressed small RNA blocks displayed a reduction in small RNA expression
level compared to the mid-parent value. Among all the seven expression patterns, the
biggest portion was LP (45% to 49%), followed by MP (37% to 42%) and between LP
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Figure 4.5: d/a plots showing the dominant/additive hybrid expression patterns relative to the
parents. (A) d/a plot of the DE blocks in set I. d/a plot of set II and set III are very similar
(Figure 4.6). d/a=1 indicates the hybrid expression level is similar to the high parent while
d/a=-1 indicates the hybrid expression level is similar to the low parent. d/a=0 means the hybrid
expression level is similar to the mid-parent. (B) Parental d/a plot of the DE blocks identified
in set II. (C) parental d/a plot of the DE blocks identified in set III. In parental d/a plots, d/a=1
indicates hybrid expression level is similar to the paternal parent while d/a=-1 indicates the
hybrid expression level is similar to the maternal parent. d/a=0 means the hybrid expression
level is similar to the mid-parent.
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Figure 4.6: d/a plots of set II (analysis considering the hybrid with the Landsberg line as female
only) (A) and set III (analysis considering the hybrid with the Columbia line as female only) (B).
d/a=1 indicates the hybrid expression level is similar to the high parent while d/a=-1 indicates
the hybrid expression level is similar to the low parent. d/a=0 means the hybrid expression level
is similar to the mid-parent.
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and MP (11% to 12%) (Figure 4.7D; Figure 4.8C&D; Table 4.1). There were very few
blocks showing HP, AHP, BLP, and between HP and MP patterns (Figure 4.7D; Figure
4.8C&D; Table 4.1). Almost all the blocks showed a hybrid expression level within
the parental expression level range (96%-99%). It was also noted that only very few
DE blocks displayed a similar expression level between Col and Ler while the hybrids
differed from the Col and Ler expression level. Therefore, the DE blocks identified by
ANOVA also largely represented the genomic loci with different small RNA expression
level between Col and Ler. Altogether, low parent dominance was the most prevalent
hybrid expression pattern, which agreed well with the d/a plot described earlier.
The DE blocks determined by the three analysis sets share a large overlap (Figure 4.9).
Among the 75 DE blocks shared by the three sets, 64 of them have the same expression
pattern in all three sets (23/63 are additive, 36/63 are LP, 5/63 are between LP and
MP). A few blocks (11/75) that were categorized into different expression patterns in
different analyses alternate between LP and “between LP and MP” (8/75), or between
MP and “between LP and MP” (2/75), or between MP and LP (1/75). Overall, the three
sets of analysis agreed that expression of many small RNAs is repressed in hybrids.
4.2.4 Functional category of the differential blocks
In order to understand the biology of the predominant low-parent dominance pattern
in the hybrid small RNA expression, we investigated the potential role of the DE
blocks (see section 3.5.6). First we studied the composition of small RNA with dif-
ferent length. In set I for example, for the great majority of the DE blocks (353/361),
the 23nt/24nt class of small RNA is the most abundant size class (Figure 4.10A). The
20/21/22nt size class is the most abundant in only 8 blocks (Figure 4.10A). The size
composition of these DE blocks strongly suggests that most of the DE blocks are
more likely to be associated with 24nt siRNA other than miRNA loci, as has been
found by other researchers (Chen 2010). To further verify this, a series of actions
were taken to search for any possible miRNA genes within the DE blocks. Firstly,
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Figure 4.7: Approach and results of hybrid expression pattern fitting. (A) Diagram showing
how a differential expressed block (DE block) is categorized as one of the seven expression patterns:
Mid-parent like (Additive), high parent like (HP), low parent like (LP), above high parent (AHP), below
low parent (BLP), between mid-parent and HP, and between mid-parent and LP. Significance cutoff for
t-tests was 0.05. (B) Numbers of additive and non-additive DE blocks identified when (i) both LerXCol
and ColXLer are combined as the hybrid group (ii) only considering LerXCol as the hybrid and (iii) only
considering ColXLer as the hybrid. (C) Percentages of DE blocks belong to different expression patterns
in set I. Analysis set II and III generated very similar results (Figure 4.8). (D) Expression levels of DE
blocks identified in set I of analysis, grouped by their hybrid expression pattern. Each row represents the
normalized expression levels (block count) of a DE block. The columns represent biological replicates.
The patterns from set II and set III are very similar (Figure 4.8).
140
Figure 4.8: Hybrid expression patterns of set II and set III. (A) Percentages of different ex-
pression patterns in the non-additive DE blocks identified in set II. (B) Percentages of different
expression patterns in the non-additive DE blocks identified in set III. Expression levels of DE
blocks identified in set II (C) and set III (D) were grouped by their hybrid expression pattern.
Each row represents the normalized expression levels (block count) of a DE block. The columns
represent biological replicates.
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Figure 4.9: Venn diagram showing the overlapping and unique DE blocks identified by the
three analysis sets. Set I: combining both LerXCol and ColXLer as the hybrid group; Set II:
only considering LerXCol (LC) as the hybrid; Set III: only considering ColXLer (CL) as the
hybrid.
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the highest expressed small RNA from each DE block was compared with the known
mature miRNA database (miBase.org) using SSEARCH (p-value cutoff: 0.001; Pear-
son and Lipman, 1988) and no significant hit was found. Next, we used UNAfold
(http://mfold.rna.albany.edu/) to check whether the 170bp strand-specific genomic se-
quence around the highest expressed small RNA from each DE block can be folded
into a stable hairpin structure, as other known miRNA precursors are able to. Ten
blocks out of 361 were found to possess favorable fold-back structures. However, in
five of these blocks, small RNAs were mapped to transposons, therefore the fold-back
structure could be a result of the self-complementarity common in transposon clusters.
In three of these blocks, small RNAs were mapped to well-annotated protein-coding
genes, therefore it is unlikely they could also be miRNA gene loci. In the remaining
two blocks, the fold-back structures were formed by paring between simple tandem
repeats and thus do not completely satisfy the required structural feature of a miRNA
precursor. Finally, we visualized the small RNA expression data in a strand-specific
manner using Gbrowse2 (http://gmod.org) and manually examined all the DE blocks
to search for potential miRNA generating blocks, which typically feature sparse small
RNAs with a sharp peak at a particular base, miRNA*, and a strand specificity (as
in Figure 3.4B). As expected, the vast majority of the DE blocks displayed features
characteristic of siRNA, including 24nt size, dense small RNA across a relatively large
region from both strands starting at different positions, and mapping to an annotated TE
or a protein coding gene (Figure 3.4A). Overall, we conclude that in the tissue sampled
in this study, most of the small RNA blocks that are differentially expressed among the
hybrids and the two inbred parents are 24nt siRNA generating loci.
The function of siRNAs could be revealed by their genomic origins and genomic con-
texts. Using the GFF annotation (TAIR9) of the Arabidopsis genome we were able to
determine whether the small RNA blocks corresponded to an annotated transposable
element (TE) or a protein-coding gene. In 160 out of the 361 DE blocks, the majority
of the small RNAs from the blocks mapped to transposons. In 104 blocks, the majority
of the small RNAs mapped to protein-coding genes, whose function descriptions were
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listed in Table 4.2. This left 97 blocks where small RNAs did not directly map to either
a transposon or a gene, but intergenic region. For those blocks, the closest TE/gene
within 500bp, if any, was then determined. Among these 97 blocks, 31 have small
RNAs clustered 500bp upstream or downstream of a transposable element and 45 have
small RNAs clustered 500bp upstream or downstream of a protein-coding gene. The
genomic annotation of the small RNA blocks was then compared with the small RNA
expression pattern. Interestingly, we observed that TE-associated blocks are mostly
additively inherited while protein-coding gene associated small RNAs are largely re-
pressed in the hybrids (below the MP value, usually low-parent inheritance) (Figure
4.10B). The annotation of DE blocks identified from analysis set II and III agree very
well with analysis set I (Figure 4.11).
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Figure 4.10: Annotation of the DE blocks. (A) Size distribution of small RNAs in the DE
blocks and (B) relationship between the genomic origins and the hybrid expression patterns
of the DE blocks identified in set I. Set II and set III have very similar patterns (Figure 4.11).
500bp gene: within 500bp upstream or downstream of a protein coding gene; 500bp TE: within
500bp upstream or downstream of a transposable element.
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Figure 4.11: Annotation of the DE blocks in set II and III. (A&C): Size distribution of small
RNAs in the DE blocks identified in set II (A) and set III (C). (B&D): Relationship between the
genomic origins and the hybrid expression patterns of the DE blocks identified in set II (B) and
set III (D).
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4.3 Discussion
The discovery of small RNA has greatly improved our understanding of plant devel-
opment (Chen 2009). In our study, we examined the global small RNA expression
profile of Arabidopsis hybrids, and compared it to their inbred parents, to investigate
the potential role of small RNA in heterosis. Recent advances in short-read sequencing
technology, especially the improvement in single-lane yields and the multiplexing of
multiple samples in one lane, make it possible to include biological replicates in an
expression profiling experiment. By including biological replicates in our study, we
were able to identify specific genomic regions as significantly differentially expressed
in the hybrids compared to their parents with high confidence. Among all the small
RNA-generating loci with significantly differential expression among hybrids and in-
breds, approximately 58% were non-additively inherited. To our surprise, we found
that the low-parent like small RNA expression in the hybrids is by far the predominant
non-additive expression pattern, followed by the “between low-parent and mid-parent”
expression pattern. Therefore, the most significant feature of the non-additive small
RNA expression in the hybrids is down-regulation of small RNA production in the F1.
Two recent publications (He et al., 2010; Groszmann et al., 2011) also reported simi-
lar results. That this is consistent between experiments despite differences in species,
tissue type, developmental stage, and experimental design, may suggests that the domi-
nance of less strongly expressed small RNA loci in hybrids is a universal phenomenon.
We found that most of the differentially-expressed small-RNA-generating loci produce
24nt small RNA, therefore they are unlikely to be miRNA loci. Indeed, our attempts to
identify any miRNA-generating locus among the differentially expressed small RNA
blocks, whether by homology search or secondary structure prediction, did not identify
any miRNA at all. We therefore concluded that the differentially-expressed small-RNA
loci are likely to be siRNA-generating loci, while miRNAs do not seem to be differen-
tially expressed in hybrids compared to their inbred parents in our system.
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We investigated which subtypes of siRNA were involved in heterosis. A few different
types of siRNA have been reported. First, a large portion of small RNAs are hete-
rochromatic 24nt siRNAs, which guide DNA methylation and histone methylation ma-
chineries to homologous loci for transcriptional transposon/gene silencing (Chen 2009;
Csech and Hannon, 2011). Second, siRNA can also be produced from dsRNA probably
formed by inverted copies of protein coding genes. Those siRNAs are often 21nt -22nt
(Tuteja et al., 2009). Similar to these 21-22nt siRNA are the cis-nat siRNA produced
from convergent transcription units, which are 24nt or 22nt in length (Borsani et al.,
2005; Laubinger et al., 2010). Another type of siRNA, trans-acting siRNA, are 21nt
siRNA generated by miRNA-directed cleavage of TAS gene transcripts (Vazquez et al.,
2004). In our study, most differentially expressed blocks turned out to be 24nt siRNA
generating loci. Among them, 44% featured siRNA generated from transposable el-
ements and 29% featured siRNA that mapped to protein coding genes. In a smaller
portion (27%) of the differentially expressed blocks, the small RNAs mapped to inter-
genic regions. The transposon-mapped 24nt siRNA are most likely heterochromatic
24nt siRNA, whose role is to guide the methylation of transposable elements to main-
tain genome integrity. The biogenesis and function of protein-coding gene-associated
24nt siRNA are not very clear. They are unlikely to be cis-nat siRNA because detailed
investigation revealed none of them was produced from the overlapping part of two
adjacent, tail-to-tail protein-coding genes. It is possible they are produced from hete-
rochromatin, perhaps where whole genes, gene fragments or pseudogenes are included
in a heterochromatic region.
We found that the transposable element associated 24nt siRNA were mostly inherited
in an additive manner, while the protein-coding gene-associated siRNAs were largely
down regulated to around the low parent level in the hybrids. This interesting fact has
a few possible biological implications. Firstly, the 24nt transposon-associated siRNA
has an important role in plant genome maintenance and evolution. Impairment of the
heterochromatic siRNA pathway in genomes loaded with repeats and transposons, such
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as maize, causes severe developmental defects (Erhard et al., 2009). Whether the level
of heterochromatic siRNA expression is linearly associated with the level of methyla-
tion is an unsolved question. The additively-inherited heterochromatic siRNA in the
hybrid could have a dominant positive effect in the genome methylation level, leading
to a more stable genome. For example, if a different set of transposable elements are
repressed by corresponding siRNAs in the two parents, the hybrids will collectively
own more varieties of heterochromatic TE-directed siRNAs, leading to repression of
a wider range of transposable elements. Indeed, it was shown that a large proportion
of TE methylation exhibits high parent effects in reciprocal hybrids (He et al., 2010).
This could give a substantial reduction in the cost to the plant of TE activity in the hy-
brid, especially in plant genomes that are heavily loaded with repeats and transposable
elements.
Secondly, a large group (46%) of 24nt siRNA generating loci that are down-regulated
in hybrids are mapped to a protein-coding gene or the vicinity of a protein coding gene.
The majority of the gene-mapping siRNA blocks are down regulated in the hybrids.
In these cases, the down-regulation of siRNAs may lead to an up-regulation of the
target genes, which could conceivably play a role in the hybrid vigor. Besides, while
a portion of DE blocks feature 24nt siRNAs mapped to intergenic regions, it is still
possible that those siRNAs mediate methylation of genomic regions adjacent to genes
(e.g. promoter or enhancer sequences) or a transposable element and thus regulate gene
activity or transposon activity.
The additive inheritance of the TE-derived siRNA combined with low-parent domi-
nance in the protein-coding gene-derived siRNA raises a number of interesting biologi-
cal interpretations. Firstly, a different mechanism must be controlling the expression of
siRNA from these two types of genomic loci in the F1. Secondly, the combination of
lowered TE activity potentially gained from additive expression of TE-derived siRNA
together with reduced repression of protein-coding genes gained from low-parent dom-
inance of protein-coding gene-derived siRNA could provide a molecular explanation
for the phenomenon of heterosis in the cross described here.
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4.4 Conclusion
The majority of differentially expressed small RNA blocks between Ler and Col par-
ents are non-additively inherited in the F1 hybrids. Around half of these are derived
from protein-coding genes, and these predominantly display a low-parent-like expres-
sion pattern. Approximately half of the differentially expressed small RNA blocks
are associated with transposable elements, and these predominantly show an additive
expression pattern in the hybrids. The results of this study suggest that differential reg-
ulation of siRNA from protein-coding genes and transposable elements in hybrids may
be involved in producing hybrid vigor.
4.5 Methods
4.5.1 Plant material
Arabidopsis accessions Columbia (Col) and Lansberg erecta (Ler) were obtained from
the Ohio State University Arabidopsis Stock Center (ABRC). Seeds from all crosses
were first surface sterilized and then planted in a soil mix (sunshine mix: perlite: ver-
miculite=2:1:1). They were subjected to stratification for six days at 4C in darkness and
then allowed to germinate and grow in a growth chamber with 130uM*s-1*m-2 white
light for 7 hours a day at 20C. The short day conditions allow the extension of vegeta-
tive growth and thus the analysis of heterosis without the complication of differential
flowering time effects.
4.5.2 Total RNA extraction and small RNA sequencing
Plants of the four genotypes were harvested when they reached the 20-leaf stage (leaf
length > 0.5cm) to make sure plants at the same developmental stage were compared.
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The tissue collection had a time span of 3 days, from 54 days after planting (DAP) to
56 DAP. The tissue collection was done at the same time of day during these three days
to remove the complication of possible circadian effect. All the plants were collected at
least two weeks before bolting, therefore the plants were most likely in the vegetative
stage. Each plant was harvested in liquid nitrogen in two parts: the central meristematic
tissue was harvested as a 0.8cm diameter circular sample centered at the apical shoot
meristem, for total RNA extraction and small RNA profiling; the remaining leaves were
then harvested for marker-assisted genotyping to confirm the expected hybrid/inbred
genotypes; the root was discarded (Figure 4.2).
Leaves collected for genotype confirmation were subjected to genomic DNA extraction
and genotyping with an INDEL marker (nga106). Genotypes of plants used for RNA
extraction and small RNA sequencing were confirmed by this method to ensure no inad-
vertent selfs or crosses were included. Total RNA was extracted from the central meris-
tematic region of each genotype-confirmed plant individually. Equimolar amounts of
four individual total RNA samples were pooled together as one biological replicate.
Four such pooled biological replicates for each genotype were submitted for Illumina
small RNA sequencing. Each biological replicate was run in two different lanes in a
flow cell as two technical replicates. To maximize efficiency and reduce cost, eight
samples were barcoded and multiplexed in one sequencing lane.
4.5.3 Measurement of the heterosis phenotype
The measurement of rosette area, rosette size and leaf number included 32 to 44 in-
dividuals at 52DAP for each genotype. To measure the area and size of rosettes, hor-
izontal plane photos of plants were taken with a square paper reference with known
area. The number of pixels of the green area of a rosette was then measured using Pho-
toshop. The number of pixels of the reference square was also measured in the same
way, based on which the rosette area were converted from pixels to cm2. The rosette
size was measured as the sum of the length of the longest leaf (measured as from the
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center of the rosette to the furthest edge of the leaf) and the second longest leaf, with
ImageJ (http://rsbweb.nih.gov/ij/), normalized to the sum of length of the two diagonal
lines of the reference square. Eight plants of each genotype were used to measure the
bolting time under the described growth conditions.
4.5.4 Global analysis of small RNA sequence tags
The multiplexed Illumina sequencing assay generated on average 2.3 million reads for
each sample. Raw reads were preprocessed with a frequency-based short-read clus-
tering algorithm called FreClu (Qu et al., 2009, default parameters), where raw reads
were quality filtered, adaptor trimmed, replicated reads merged and sequencing-error
corrected. FreClu generated on average approximately 0.4 million unique reads repre-
senting approximately 1.7 million reads per library with a size range from 12nt to 31nt.
An in-house Perl script was used to select reads within the size range 16bp to 31bp for
further analysis. Two biological replicates, one of LL and one of CC, had more than
50% of reads removed after applying the 16-31nt size filter. This was due to a great
abundance of short reads (12-15nt) in these two libraries, indicating either poor RNA
quality or low library construction efficiency. To ensure that only data from high quality
sequencing libraries was included, these two biological replicates were removed from
further analysis.
After the above filters were applied, four biological replicates of LC and CL (hybrids)
and three biological replicates of LL and CC (inbreds) were retained. Each of these bio-
logical replicates has two technical replicates. Reads that mapped to Arabidopsis rDNA
sequences (5S rRNA NCBI Gene ID: 4024964; 18S rRNA gene: Unfried et al., 1989;
25S and 18S gene spacer: Gruendler et al., 1989; 5.8S, 25S and 18S rRNA 3’ region:
Unfried et al., 1990) and Arabidopsis tRNA (http://gtrnadb.ucsc.edu/Athal/) by se-
quence match using novoalign were also removed from further analysis. Residual reads
were then mapped to the Arabidopsis Columbia genome (TAIR9, http://arabidopsis.org/)
using novoalign allowing only perfect matches (t=0). Reads were also mapped to dif-
159
ferent genomic components including 5UTR, 3UTR, CDS, intron, intergenic region
and transposons in TAIR9 assembly separately. Reads that perfectly mapped to the
Arabidopsis genome from all libraries were then pooled together and clustered with a
proximity-based algorithm using an in-house Perl script to generate so-called “blocks”
as described in section 3.5.4. The abundance of small RNAs generated from each block
was then computed as described in section 3.5.4 to generate so called “block counts”.
Block counts were normalized to total mapped counts (as reads per million, RPM) from
each library for further analysis. The arithmetic mean of block counts of two technical
replicates was calculated and used for further analysis.
4.5.5 Small RNA differential analysis
Scatter plots of normalized block count data revealed minimal skewing and therefore
the data was deemed suitable for differential expression analysis (Figure 4.12). Only
blocks with expression values higher than 5 RPM in at least one library were included
in further analysis. This excluded 46,051 out of the 56,654 blocks and left 10,603
blocks for differential analysis. To identity the blocks differentially expressed among
the hybrids and parents, and to determine the hybrid expression pattern relative to the
parents, ANOVA followed by pattern matching using the t-test and d/a value was per-
formed as previously described (Stupar et al., 2008) with a few adaptations: first, an
FDR controlled (FDR cutoff 0.05; Benjamini and Hochberg, 1995) ANOVA analysis
was performed using R (http://www.r-project.org/) to test which blocks are significantly
different among LL, CC and hybrids (CL and/or LC); second, blocks that were signif-
icantly different were then assigned to one of the following patterns: high parent-like,
low-parent like, mid-parent like (additive), between mid-parent and high-parent, be-
tween mid-parent and low-parent, above high parent, and below low parent, based on
the results of a t-test (p-value cutoff: 0.05) and the d/a value. The d/a values were
calculated as follows: a=high parent-low parent; a’=paternal parent-maternal parent;
d=hybrid-midparent; d/a value = d/a; parental d/a value = d/a’.
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Figure 4.12: Scatter plots showing small RNA expression levels of all blocks (block counts) in
the six possible binary combinations of the four genotypes (LerXLer, ColXCol, LerXCol and
ColXLer). In each plot, the base 2 logarithm of the mean of reads per million (RPM) across
biological replicates is plotted. The red line represents a straight line with slope = 1.
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APPENDIX A. COTYLEDON SPECIFIC GENES
389 probes were identified to be cotyledon-specific transcripts based on their relative
higher expression value (log2 FC > 2, FDR < 0.05) in cotyledon compared to hook
and hypocotyl in both continous far-red light (FRc) and dark. The EST ID associated
with the probes and their corresponding Glyma gene ID are listed.
AI416646 Glyma01g02330
AW568165 Glyma01g20670
AW132845 Glyma01g24510
AW567625 Glyma01g31990
AW132969 Glyma01g37900
AW472528 Glyma01g38340
BE805102 Glyma01g38590
AW101019 Glyma01g38750
CA937352 Glyma01g39200
AW598229 Glyma01g40920
BF009746 Glyma01g41440
AW396415 Glyma01g41790
AW459933 Glyma01g41800
AW508748 Glyma01g44280
AW278764 Glyma02g01220
AW458984 Glyma02g01250
AW278136 Glyma02g03060
AW508980 Glyma02g05190
AI966627 Glyma02g06400
AW101657 Glyma02g07180
AW458063 Glyma02g09510
AW102304 Glyma02g13680
AW307114 Glyma02g13910
AW279426 Glyma02g15190
AW569214 Glyma02g34640
AI748386 Glyma02g36820
AW568063 Glyma02g36890
AW164369 Glyma02g39340
AW186341 Glyma02g40550
AW424082 Glyma02g41700
AW278124 Glyma02g43370
AW457954 Glyma02g46230
BF596127 Glyma02g46820
BG653374 Glyma03g06860
CA937360 Glyma03g25280
BG043405 Glyma03g26590
AW397159 Glyma03g26740
AW101704 Glyma03g27380
AI442300 Glyma03g29450
BG511512 Glyma03g30610
AW203754 Glyma03g31150
AW567844 Glyma03g37030
AW509005 Glyma03g37700
AW156461 Glyma03g39200
AW459610 Glyma03g41310
AW507685 Glyma03g41680
AW099252 Glyma03g42250
AW132916 Glyma04g00270
AW458557 Glyma04g01490
AW666265 Glyma04g08150
AW277444 Glyma04g08290
AW164482 Glyma04g15160
AW101776 Glyma04g33360
CA784196 Glyma04g37640
AW567609 Glyma04g37950
AW119750 Glyma04g38150
AW396368 Glyma04g40740
AW567827 Glyma04g42690
AW100695 Glyma04g42840
AW119911 Glyma04g43630
AI443608 Glyma05g01000
CA784638 Glyma05g02650
AW279429 Glyma05g03110
AW458553 Glyma05g03120
AI855740 Glyma05g05450
AW186078 Glyma05g06140
AW567823 Glyma05g07920
AW471525 Glyma05g13890
AW100721 Glyma05g28900
AW570244 Glyma05g32480
BU081065 Glyma05g32530
CA799201 Glyma05g33740
AI855445 Glyma05g33750
AW756962 Glyma05g36710
AI440905 Glyma05g36710
AW459026 Glyma05g36980
AW132755 Glyma05g38290
AW423375 Glyma06g01520
AW185758 Glyma06g01910
AI443814 Glyma06g02040
AI441252 Glyma06g07110
BU090839 Glyma06g12710
AW830078 Glyma06g14890
AI901085 Glyma06g20990
AW308923 Glyma06g23400
AW471703 Glyma06g24470
AI966698 Glyma06g24820
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AI736232 Glyma06g38160
AW471831 Glyma06g42080
BM271102 Glyma06g42180
AW459799 Glyma06g42830
AW395625 Glyma06g44290
AI441800 Glyma06g45950
AW760294 Glyma07g04440
AW569196 Glyma07g05170
AI495784 Glyma07g06480
AI855456 Glyma07g07580
AW278480 Glyma07g08370
AW278897 Glyma07g09570
AI930806 Glyma07g09980
AW185936 Glyma07g10400
AW757197 Glyma07g13780
AW101728 Glyma07g13780
AW132572 Glyma07g18150
AW101246 Glyma07g19120
BE347862 Glyma07g31430
BG157080 Glyma07g34250
AW424231 Glyma07g34740
AI794759 Glyma08g05050
AI438099 Glyma08g05600
AW132799 Glyma08g07880
AW395925 Glyma08g10680
AW432399 Glyma08g13790
AW507520 Glyma08g17490
AW132499 Glyma08g17640
AW132418 Glyma08g18840
AW570380 Glyma08g19210
BE612051 Glyma08g22660
AW761176 Glyma08g22660
AW761607 Glyma08g22660
AW309109 Glyma08g23110
BG405603 Glyma08g25420
AI855753 Glyma08g26250
AW164494 Glyma08g35470
AW507630 Glyma08g38740
AW568361 Glyma08g40260
AW831560 Glyma08g41230
AW119678 Glyma08g43740
AI460567 Glyma08g46520
AW471583 Glyma08g47670
AW508868 Glyma09g02150
AI794664 Glyma09g12320
AI444004 Glyma09g15450
AW119724 Glyma09g15620
BG881756 Glyma09g17220
AW424240 Glyma09g27180
BE021922 Glyma09g27870
AW133469 Glyma09g28200
AW508234 Glyma09g28930
AI938416 Glyma09g30660
AW102556 Glyma09g31700
AW507607 Glyma09g32640
AI460672 Glyma09g33650
AW156734 Glyma09g33650
AW761163 Glyma09g33650
AI438000 Glyma09g33650
AI507756 Glyma09g33650
AW568696 Glyma09g33710
AI461189 Glyma09g34410
AW568692 Glyma09g36550
AW568272 Glyma09g36560
AI495711 Glyma09g38610
AW569096 Glyma09g38640
AW100938 Glyma09g39010
AW432490 Glyma10g02340
AW395910 Glyma10g04070
AI495553 Glyma10g04780
AW508989 Glyma10g05770
AW396173 Glyma10g07150
AW570378 Glyma10g07180
AW133066 Glyma10g08280
AI901236 Glyma10g11570
AW397297 Glyma10g11570
AI441830 Glyma10g17160
AI736180 Glyma10g17570
AI496130 Glyma10g24590
BE020015 Glyma10g30420
AW396354 Glyma10g33550
BE020360 Glyma10g33650
AI496588 Glyma10g37000
AW277547 Glyma10g37080
AW459045 Glyma10g38580
AI441158 Glyma10g38960
AW397293 Glyma10g39020
AW132451 Glyma10g39460
BI470151 Glyma10g40210
AW568304 Glyma10g40840
AW761297 Glyma11g00250
AW132412 Glyma11g00420
AW397753 Glyma11g03320
AI900653 Glyma11g04530
AW759210 Glyma11g04720
AI900647 Glyma11g06510
AW569417 Glyma11g06690
AW132976 Glyma11g09630
AW508670 Glyma11g09830
AW458001 Glyma11g10130
AW278289 Glyma11g13340
BM892260 Glyma11g13730
AI461146 Glyma11g14310
AW119874 Glyma11g14580
AW309137 Glyma11g21610
AI930841 Glyma11g21640
AW472580 Glyma11g35160
AW760300 Glyma11g36780
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AW460144 Glyma11g36780
AW132956 Glyma11g37010
AW570419 Glyma12g03700
AW277759 Glyma12g04100
AW307279 Glyma12g05460
BE020281 Glyma12g06920
AW507782 Glyma12g07340
AW201393 Glyma12g10780
AW132381 Glyma12g15430
BU764183 Glyma12g22700
AI966107 Glyma12g29470
AW459886 Glyma12g31040
AI494909 Glyma12g32580
AI901095 Glyma12g32580
AW508930 Glyma12g33920
AI736281 Glyma12g34400
AW101003 Glyma12g34770
AW397809 Glyma12g34770
AW460183 Glyma13g00670
AW309197 Glyma13g00900
AI437611 Glyma13g04500
AW460109 Glyma13g04780
AW156354 Glyma13g05090
AW101157 Glyma13g06190
AW132502 Glyma13g10040
AW309195 Glyma13g16640
AW472579 Glyma13g17610
AW509203 Glyma13g21230
AW133278 Glyma13g23090
AW277733 Glyma13g23510
AW423393 Glyma13g24200
AI938504 Glyma13g27220
AI495730 Glyma13g27930
AW832400 Glyma13g32330
AW568359 Glyma13g34920
AW119669 Glyma13g35100
AW568127 Glyma13g35170
AW509412 Glyma13g36730
AW508901 Glyma13g37050
AW156860 Glyma13g38750
AW101703 Glyma13g39600
AW568213 Glyma13g40240
AI460670 Glyma13g40340
AW507727 Glyma13g41110
AW703729 Glyma13g41690
AW100800 Glyma13g42500
AI736285 Glyma14g01130
AW471640 Glyma14g02510
AW509227 Glyma14g02570
AW394428 Glyma14g03550
AI444094 Glyma14g07270
BI892569 Glyma14g07540
AW508945 Glyma14g27990
AW471579 Glyma14g37600
AW507665 Glyma14g38950
AW153118 Glyma15g01690
AW423956 Glyma15g03400
AW780793 Glyma15g03470
AW567601 Glyma15g07490
AW567814 Glyma15g07900
AI441970 Glyma15g08520
AI496344 Glyma15g09140
AW132618 Glyma15g10750
AW099311 Glyma15g11180
BE609901 Glyma15g11480
AW395764 Glyma15g15560
AW119723 Glyma15g15660
AW156182 Glyma15g16720
AW279064 Glyma15g18730
AW133029 Glyma15g19100
BU578082 Glyma15g24680
AW508395 Glyma15g37200
AW156873 Glyma15g41540
AW471866 Glyma15g41960
AW186252 Glyma15g42740
AI496595 Glyma15g42980
AW397279 Glyma15g43110
AI855761 Glyma16g00980
AI737011 Glyma16g00980
AW569201 Glyma16g01240
AW101766 Glyma16g04030
AW459718 Glyma16g04360
BG509895 Glyma16g05350
AW101054 Glyma16g08410
AW200687 Glyma16g16290
AW309111 Glyma16g17120
AW100631 Glyma16g26130
AW397435 Glyma16g26130
AW101556 Glyma16g28940
AW471845 Glyma16g33660
AW396129 Glyma17g01300
AW459972 Glyma17g02200
AW156855 Glyma17g02420
BE021815 Glyma17g03080
AI441529 Glyma17g04340
AW185770 Glyma17g04990
AW101930 Glyma17g05530
AW568621 Glyma17g05690
AW432513 Glyma17g07560
AI900607 Glyma17g08310
AW277979 Glyma17g11210
CA937660 Glyma17g11680
AW458886 Glyma17g14130
AW395906 Glyma17g14150
AW471664 Glyma17g14680
AI460500 Glyma17g16620
AW278983 Glyma17g17850
AW424099 Glyma17g20020
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AW119797 Glyma17g20160
AW568297 Glyma17g24070
AW759124 Glyma17g34640
AW185684 Glyma17g38060
AI900744 Glyma18g02950
AW156209 Glyma18g05170
AI966511 Glyma18g07310
AW156360 Glyma18g14410
AW156858 Glyma18g18860
AW472398 Glyma18g47060
AW471601 Glyma18g48110
AW132905 Glyma18g52860
AW394657 Glyma18g53730
AW101749 Glyma19g01050
AW598221 Glyma19g06370
AI965979 Glyma19g06370
AI495218 Glyma19g06370
AW831756 Glyma19g26250
AI441062 Glyma19g28430
AW567861 Glyma19g33570
AI495564 Glyma19g34310
BE802801 Glyma19g36140
AW508060 Glyma19g36900
AI496645 Glyma19g37130
AW507576 Glyma19g40080
AW132903 Glyma19g42990
AI960726 Glyma19g44390
AW132420 Glyma19g44790
AW432850 Glyma20g00950
AW184965 Glyma20g01440
AW185994 Glyma20g03040
AW761428 Glyma20g11610
AW507869 Glyma20g12150
AW508827 Glyma20g16030
AW458705 Glyma20g22790
AW308955 Glyma20g22910
AW277845 Glyma20g27760
AI736090 Glyma20g28650
BU578879 Glyma20g31230
AW433162 Glyma20g34810
AI522857 Glyma20g36740
AW568239 Glyma20g38260
AW569246 Glyma20g38740
AW569113 Glyma20g38740
BQ298606 No hits
BM892942 No hits
BU578592 No hits
BG551456 No hits
AW756984 No hits
AW568478 No hits
AW508380 No hits
AW156150 No hits
AI966093 No hits
AW201373 No hits
AI736298 No hits
AW830871 No hits
BQ454163 No hits
AW568280 No hits
AW458642 No hits
AI939294 No hits
BM309292 No hits
BE021857 No hits
AW569088 No hits
BM886830 No hits
BE555194 No hits
AW132839 No hits
AW568131 No hits
AW156731 No hits
CA936850 No hits
AW234294 No hits
AW164578 No hits
BM177347 No hits
AI442752 No hits
BM886926 No hits
AI965997 No hits
AI748016 No hits
BM886794 No hits
BM886793 No hits
AI941229 No hits
AI941140 No hits
AW508771 No hits
AW101768 No hits
AW567617 No hits
AW156872 No hits
AW568492 No hits
AW432994 No hits
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APPENDIX B. HOOK SPECIFIC GENES
40 probes were identified to be hook-specific transcripts based on their relative higher
expression value (log2 FC > 2, FDR < 0.05) in the hook compared to cotyledon and
hypocotyl in both continous far-red light (FRc) and dark. The EST ID associated with
the probes and their corresponding Glyma gene ID are listed.
AW570424 Glyma20g12070
BM086487 No hits
BI785307 Glyma18g51350
AW185686 Glyma06g13930
BG881674 Glyma20g35240
BM528794 Glyma15g04060
AW100627 Glyma11g10140
BG651683 Glyma20g03860
AW459936 Glyma13g35170
BF068761 Glyma04g05350
AI940921 Glyma09g41590
BI786028 No hits
BF071637 Glyma08g10420
BF070435 No hits
AW759793 Glyma19g37980
AW306777 Glyma19g35740
BI892898 Glyma02g02250
AI440647 Glyma08g08910
AI440563 Glyma10g35640
AW397907 Glyma13g19260
AW397166 Glyma19g34630
AW755500 Glyma03g31820
AW203289 Glyma13g23960
AW432535 Glyma18g48030
AW472630 Glyma01g43700
AI794745 Glyma03g04390
AW755463 Glyma15g03830
AI736987 Glyma08g06510
AW100020 Glyma19g42370
AW472330 No hits
AW203350 Glyma11g10610
BU964520 No hits
BI787645 Glyma04g12530
AI940895 Glyma17g13000
AW101229 Glyma19g30950
AW203253 Glyma04g00430
BI974301 Glyma13g24720
AI443619 Glyma17g15100
AW278331 Glyma04g01060
AI440690 Glyma17g07500
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APPENDIX C. HYPOCOTYL SPECIFIC GENES
261 probes were identified to be hypocotyl-specific transcripts based on their relative
higher expression value (log2 FC > 2, FDR < 0.05) in the hypocotyl compared to
cotyledon and hook in both continous far-red light (FRc) and dark. The EST ID asso-
ciated with the probes and their corresponding Glyma gene ID are listed.
AI443454 Glyma12g08040
AI443729 Glyma08g07590
BI893558 Glyma11g13060
CA936836 No hits
AW234135 Glyma05g14800
AW424198 Glyma16g26630
BI785846 Glyma16g05580
AI496497 Glyma09g27100
BE020144 Glyma13g26820
AW704523 Glyma13g42330
BE022273 Glyma15g42760
BF010307 No hits
BF070234 Glyma03g19810
AW278584 Glyma17g20610
AW423467 Glyma16g04960
AW307385 Glyma14g12390
BG509241 Glyma02g31620
AW277530 Glyma10g01330
BI786098 Glyma06g13760
AW704199 No hits
AW830284 Glyma09g01680
AW459042 Glyma12g00330
BG790279 Glyma08g08610
AW704351 No hits
BG882901 Glyma06g06880
AI494660 Glyma14g07120
BE021781 Glyma12g29790
AW568056 Glyma11g04430
AW102374 Glyma17g10740
BQ628261 Glyma20g24430
AI438004 Glyma03g38630
AW760908 Glyma06g03410
AI941363 No hits
AW509188 Glyma03g32410
AW707138 Glyma10g40250
BI893379 Glyma13g01620
AW457863 Glyma10g00820
AW703859 Glyma08g27560
BE022064 Glyma08g07210
AI443160 Glyma17g14860
AW831599 Glyma18g51440
AI495294 Glyma05g04310
AI941158 Glyma05g27840
AW101065 Glyma04g15250
AW308897 Glyma13g20830
AW201524 Glyma19g41270
AW459258 Glyma14g37730
AI442241 Glyma12g08040
AW703853 Glyma02g03870
AI440817 Glyma08g02950
BM143453 No hits
AI442517 Glyma10g40400
AI855529 Glyma04g36470
AI442330 Glyma11g19920
BE020052 Glyma17g06450
BF324920 Glyma18g10110
CA820573 Glyma15g07040
BI786022 Glyma11g12650
BG882626 Glyma12g09540
BG882914 No hits
AI748342 Glyma20g26260
AW703705 Glyma13g36930
AI461218 Glyma11g12650
AW307209 Glyma07g33950
BQ298363 Glyma19g41210
AW164392 Glyma01g37300
AI959835 Glyma01g02390
BQ628695 Glyma06g05560
AW234410 Glyma10g38760
BG790821 No hits
AW278180 Glyma09g31030
AW459441 No hits
AI437694 Glyma03g27460
AW307216 Glyma15g01820
AW156827 Glyma20g22040
AI496335 No hits
AI437545 Glyma11g03690
AI441761 Glyma09g04690
AI442271 Glyma06g13110
BQ629699 No hits
BE021183 Glyma07g38740
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AI495865 Glyma13g33320
AW099383 Glyma15g10370
AW704342 Glyma19g43370
AW459333 Glyma16g05020
AW459130 Glyma06g18110
AW756600 Glyma03g05420
AW203310 Glyma09g34310
AW472512 Glyma02g42660
AI441089 Glyma15g23640
BI471736 No hits
BG043498 Glyma10g36890
AW102074 No hits
AI495292 Glyma12g29510
AI437837 Glyma05g22180
BI944625 Glyma10g40110
BE020969 Glyma13g38310
BG790341 Glyma04g08230
BE021812 Glyma07g30880
AI938388 Glyma20g21250
AW432691 Glyma05g32100
AI495190 Glyma12g32160
AI900624 Glyma06g10500
BF009754 Glyma12g08060
AW707254 Glyma04g38990
AW508665 No hits
AW432908 Glyma11g35330
AW234121 Glyma19g05760
BF066557 Glyma12g32160
AI461216 Glyma16g07750
AW278137 Glyma17g05840
BE020483 No hits
BE347225 Glyma05g35520
AW459712 No hits
AI507818 Glyma13g28770
AW203612 Glyma13g32310
AW233992 Glyma18g50500
AI736959 Glyma09g34850
AW432519 Glyma17g36110
AW278601 Glyma07g04590
AI495410 Glyma07g16020
AW306932 Glyma02g31460
AW102229 Glyma16g02410
BE803233 No hits
AI442356 Glyma03g33720
AW831427 Glyma13g38300
AW759728 Glyma16g07750
AI441453 Glyma18g46720
AW432447 Glyma01g24360
AW830512 Glyma02g12950
BI892471 Glyma03g37930
AI494808 Glyma18g53150
AW423415 Glyma13g34230
BE022983 Glyma07g05090
AW423514 Glyma15g16560
BE021008 Glyma10g02250
AI522816 No hits
AW459071 Glyma13g41780
BF009613 Glyma19g00980
AW278146 Glyma20g37870
BG507866 No hits
AI460585 Glyma20g01700
AW704404 No hits
BF010384 Glyma18g50500
AW278388 Glyma19g32540
AI460642 Glyma16g28150
AW132201 Glyma06g10680
BU926650 Glyma03g27460
AW432762 Glyma01g03910
AW234427 Glyma20g28720
BF069239 Glyma03g01550
AW459022 Glyma18g01100
BE022267 Glyma01g04330
AW831419 Glyma13g29270
AI443967 Glyma18g50500
AI441749 Glyma15g36520
AI959817 Glyma09g33630
BU926893 Glyma15g11670
AW102007 Glyma17g04220
BF325206 Glyma13g35970
AI461228 Glyma09g07070
AW830335 Glyma13g44950
AI442556 Glyma13g00280
AW278573 Glyma06g22060
AI496286 Glyma04g01640
BG882500 Glyma02g35010
AW432183 No hits
AI442265 Glyma09g04340
AI495858 Glyma16g05080
AI988550 No hits
AI748759 Glyma08g46160
AW433238 Glyma15g24720
AW234405 No hits
AW203416 No hits
AW704136 Glyma02g12020
AW307295 Glyma17g37880
AW666457 Glyma03g05510
AW186207 No hits
AW234053 Glyma20g08290
AW100867 No hits
AI736316 Glyma13g40100
BM954650 Glyma17g04210
AW278223 Glyma03g29510
AW186067 Glyma10g39690
AW307498 No hits
AI438090 Glyma14g09340
AI960856 No hits
BF070757 Glyma11g19920
AW278261 Glyma04g42710
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CA936972 No hits
AW101606 Glyma12g32160
AW203343 Glyma13g36250
AW277889 Glyma15g06760
BE021293 Glyma05g04400
AI496437 Glyma12g00390
AW423479 Glyma05g28720
AI443048 Glyma11g37080
AW185978 Glyma05g01000
AW457920 Glyma08g28320
AI522869 Glyma13g39710
AI443848 Glyma20g27370
BE021111 Glyma10g03210
AW433285 Glyma17g17730
BQ741784 No hits
AW278125 Glyma07g05470
AI496217 No hits
BM143592 Glyma19g34710
AI495022 Glyma08g04080
AI443166 Glyma17g13550
AI494752 Glyma06g45980
AW156478 Glyma02g47660
AW432345 No hits
BQ741903 Glyma03g34650
AI736149 Glyma02g06240
AW186247 Glyma15g23790
AW278128 Glyma11g11610
AW203813 Glyma02g05930
AI460679 Glyma18g49390
BE608520 Glyma14g07960
AW706732 Glyma19g02610
AW101181 Glyma20g23370
CA801003 Glyma14g07230
AW423581 No hits
AW186262 Glyma07g34050
AW101983 Glyma08g02550
AI495827 Glyma03g36000
AW277708 Glyma15g42300
AI441544 Glyma09g08070
AW568228 Glyma01g33600
AI494739 Glyma19g00850
BG507526 Glyma10g05620
AW704269 Glyma12g30160
AW459243 Glyma19g03020
AI441234 Glyma16g28150
AI461247 Glyma14g37440
AW119883 Glyma08g45590
BE800796 Glyma12g15180
BQ612695 Glyma20g22150
AW432376 Glyma07g11180
AI441177 Glyma05g03120
AI966614 Glyma13g01810
AW164240 Glyma06g18390
AI441110 Glyma15g18360
AW100896 Glyma05g04440
AI441500 Glyma06g45910
AI438046 Glyma08g16290
AW233791 Glyma15g18430
AW278212 Glyma02g35660
BQ610634 Glyma06g11110
AW432455 Glyma04g36470
AI966682 No hits
AW279446 Glyma18g47220
AW185998 Glyma13g05120
BQ628397 Glyma08g13270
AI441883 Glyma15g18430
AW433272 Glyma06g06410
BG790649 No hits
AI736126 Glyma13g05380
AW395749 Glyma15g01650
AI938437 Glyma16g34560
BI425467 Glyma20g01110
BE555438 Glyma06g41610
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